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10.  ABSTRACT  ('CwiMnu*  M rtrette  el  da  It  necaeemry  md  Identity  by  black  number) 

This  paper  reviews  some  milestones  in  the  development  of  theories  on  catalysis  and  discusses 
some  of  the  more  significant  contemporary  concepts.  It  also  attempts  to  integrate  the  new  field  of 
cleetroeutalysis  and  particularly  the  field  of  clcctrocatulytic  hydrocarbon  oxidation  with  the  general 
field  of  catalysis,  Therefore,  the  chapter  on  heterogeneous  catalytic  oxidation  is  discussed  in  eon- 
sid -Table  detail  while  other  areas  of  catulvsis  are  discussed  only  briefly.  Due  to  the  interest  in  fuel 
cell  research,  considerable  advances  were  made  in  eleetroeatalvsis  during  the  last  dozen  years,  but 
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few  correlation*  were  made  by  the  eleelroehemiata  and  the  worker*  in  catalyai*.  It  i»  hoped  that 
thia  review  will  help  to  cluae  thin  gap. 

Encouragement  to  write  thin  review  waa  given  by  Ur.  J.  R.  Huff,  Chief,  Electrochemistry 
Dlviaion,  USAMERDC,  Fort  Belvoir,  V A. 
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CONCEPTS  IN  HETEROGENEOUS  CATALYSIS 


I.  INTRODUCTION 

Catalytic  phenomena  have  been  known  i'or  u long  lime.  hot  the  term  "eutulysix" 
was  not  low'd  until  1836  when  Hcr/cliox  suggested  (hut  certain  reactions  tuke  place  on 
surfaces  of  solids  us  a result  of  a eatalylie  foree.  Although  eutulysix  gained  great  intpor- 
tuner  in  industry,  no  progress  in  understanding  its  meehunixinx  wax  mule  until  the  curl) 
20th  century.  At  thut  time,  mainly  ax  a rexutt  of  the  kinetic  xtudicw  of  liodcnxtcin  und 
Oxtwuld  ami  the  prinriplrx  of  thermodynainiex  enuneiuted  liy  Vun’t  Hoff,  it  became 
upparent  thut  eulalyxtxeun  only  affect  the  rulexof  reactions  which  are  thcrmodynumie- 
uily  feasible.  The  firxt  interpretation  of  the  mechanism  of  eutulyxix  wax  given  by 
Subuthier'  who  suggested  thut  chemical  affinity  between  eutulyxl  und  reactants  leuds  to 
the  formation  of  intermediate  compounds  on  the  eutulyxl  surface  which  then  decom- 
pose to  yield  the  reaction  products  whereupon  the  eutulyxl  returns  to  its  original  xtutr. 
This  pioneering  theory  later  lost  some  of  its  appeal  when  it  wus  fell  (hut  much  of  cutu- 
lyxis  could  be  interpreted  in  terms  of  the  collective  electronic  properties  of  solids.  Now, 
the  theory  is  appreciated  once  again. 

The  understanding  of  cutulvsis  wus  considerably  furthered  by  Lungmuir's  studies 
on  adsorption  which  showed  thut  strong  ehemieul  forces  were  involved  in  adsorption 
and  eutulysis.1 *  This  wus  the  beginning  of  the  concept  of  chemisorption  although  the 
distinction  between  chemisorption  und  phyxieul  adsorption  wus  not  emphasised.  This 
distinction  bccumc  upparent  during  the  1920's  and  was  cleurly  brought  out  in  1931  by 
the  work  of  Benton  and  White,3  (turner  and  Kingman.4 *  und  Taylor  and  U dliumxon.* 
Taylor  suggested  that  an  activation  energy  wus  necessary  for  the  chemist  ption  process 
and  introduced  the  term  “activated  udsorption."6  In  1932,  physical  udsorption  and 
chemisorption  were  formuluted  by  Lennard-Jones  in  terms  of  potential  energy  diagrams.7 
For  the  interpretation  of  bimoleculur  catalytic  reactions  on  surfaces  of  solids,  two  dif- 
ferent mechanisms  were  proposed.  In  the  Lungmuir-llinshelwood  mechanism,  it  is  pos- 
tulated thut  both  residing  molecules  are  chemisorbed  on  adjacent  surface  sites  before 


1 11.  Subuthier,  "1.x  Catalyse  t‘n  Cliemle  ()rxxnl<|iie,"  l.lbrxlrle  IVilyteehnlque,  Part*  (19 13). 

Jl.  lumsmuir,  J.  Am.  Minn.  Soe„  3H,  2221  (1410);  4«,  1361  < 1 4 1 H ). 

‘*A.  V,  Benton  xml  T.  A,  White,  J.  Am,  Client.  Sis,,  32,  2112.1  ( 193(1). 

'*W.  K.  Carrier  and  M,  Klntmwn,  Tmn*.  Kuraday  hoc.,  |!T,  322(1931 ). 

*11.  S,  Tuylnruml  A,  T,  Wllltimmon,  J,  Ani.Clieni.  S«e.,S3,  2I6U(I93I). 

‘it.  S.  Taylor,  J.  Am.  Clirm.  Soe„  S3,  57B  ( 1931 ). 

7J.  K,  I.emiird-Joneu,  Tran*.  Kxradxy  Soc.,  2H.  333  (1932). 
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thr>  rciH'l.*  The  RidealKley  mechanism  envisages  tin*  reaction  of  one  chemisorbed 
H|HM'K‘K  will*  unotltcr  s|M*cics  which  is  only  pity sicallv  adsorbed.4  K\um|ili*s  tor  both  of 
llicse  mechanisms  were  found. 

Ill  the  1420*1930  decade,  the  concept  of  heterogeneity  of  the  surfaces  of  solids 
emerged.  Reuse*®  observed  (hut  truces  of  certain  gases  run  poison  «*utuly hIh.  and  (iunn'r11 
and  Taylor11  established  (bat  in  many  ruses  llu*  heats  of  adsorption  decreased  upprrciu- 
bly  with  increasing  coverage.  On  the  basis  of  these  results,  Taylor  proposed  that  catalyt- 
ic reactions  do  not  occur  on  tin*  whole  cutulyst  surface  but  on  certain  “active  centers,"'3 
This  concept  ban  remained  important  ever  since,  and  it  in  even  more  appreciated  in  re- 
cent yearn  than  in  Nome  of  the  decades  which  have  panned  in  the  meantime. 

II.  CONCEPTS  KMPIIASI/JNO  GEOMETRIC  (’.ONSIPKRATIONS 
(GEOMETRIC  FACTOR  IN  CATALYSIS) 

Ah  x-ray  methods  led  to  more  precise  knowledge  of  crystal  structures  and  bond 
lengths,  relations  between  the  geometry  of  the  surfaces  of  solids  and  their  adsorptive 
power  and  catalytic  activity  were  sought.  One  of  the  first  to  consider  surface  geometry 
wus  Balandin14  who  proposed  in  Ids  “Multiple!  Theory"  that  the  activity  of  a catalyst 
depends  on  the  presence  in  the  lattice  of  correctly  spaced  groups  of  atoms  (called  inulti- 
plels)  to  accommodate  the  particular  reactant  molecules.  Because  of  the  small  effective 
radios  of  the  chemical  forccti  which  determine  covalent  bonds.  Bufandin  suggested  that 
rcaclunt  molecules  us  a whole  do  not  take  part  in  ealulytic  reactions  but  only  ccrtuin 
purls  of  the  molecules  (culled  index  groups  or  atoms)  which  are  in  u geometrically  fu- 
vored  position  to  interact  with  a multiple!  on  the  cutalysl  surface.  With  this  terminology, 
hydrogen-deuterium  exchange  mictions  urc  classified  us  doublet  reactions,  benzene  hy- 
drogenation or  dehydrogenation  us  sextet  reactions.  Sextet  reactions  on  metals  played 
a considerable  role  in  the  efforts  to  prove  or  disprove  the  multiple!  theory.  Balandin 
proposed  that  the  benzene  molecule  adsorbs  on  metal  surfaces  by  forming  bonds  from 
the  nix  carbon  uloms  to  six  metal  atoms,  and  he  postulated  that  octahedral  symmetry 
of  the  metal  luttice  us  well  us  the  proper  values  of  the  inter-utomic  distances  bid  ween 
the  metal  atoms  were  necessary  preconditions  for  benzene  adsorption.  Only  the  (111) 

®1.  I Jiiumulr,  Trans.  Faraday  Sor,,  17, 621  (1921 V,  C,  IX,  Ilinubrlwood,  “Kinetics  of  Chnnlral  ('lianec."  Oxford 
litilv.  Pmn  i 15  (1926). 

9K.  K.  It  Idea  I,  Pror,  Cambridge  Phil.  Soc„  IS,  130(19:19);  Pror.  Hoy.  Sor.,  A 170. 129  (1911), 

,0K.  N,  Praia*,  J.  Am.  Chrm.  Sor.,  45.  2235  (1923) 

* * K.  A.  Ulcmli  and  W.  F..  (iarnrr,  J,  Chrm.  Sor,.  1200(1921);  W.  K,  C.urnrr  and  I).  MrKir.  ibid,,  2151  (1927); 

11  1.  Hull,  W.  F..  Carnrr,  and  M.  II.  Hall,  Ibid.,  037  ( 1931 ). 

***H.  A.  Hrilx  and  II.  S.  Taylor,  J.  Am.  Client.  Sor.,  16,  43  (1924);  (i.  H.  Klallakowaky.  K.  W.  Floadorf,  and 
II.  S.  Taylor,  J.  Am.  Chrm.  Sor.,  19,  220(1  (1927), ~ 

,31I.  S.  Taylor,  Pror.  Koy.  Sor.,  A,  100,  1(15  (1925). 

■V  A.  lialandln,  Z.  phya.  Chrm.,  1 32,  289  (1929);  Advancer  in  Cutalyrlr,  19,  I (I960). 
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planes  of  fucc-c  cii  tcrcd  rubir  metals  exhibit  thin  symmetry.  Experimental  results  up- 
loured  to  support  Hulundin’s  hypothesis. ,s  16  lot  luter  work  showed  thut  cubic  body - 
eenlered  metals  uIm>  eun  to  uetive  catalysts  for  benzene  hydrogenation.17  >b  In  more 
reeent  limes,  it  wax  pointed  out  that  (tie  observed  uetivalion  energies  were  inueb  too 
low  for  a mcchunism  in  which  six  metal  carbon  bonds  have  to  la-  broken.19  In  conclu- 
sion, it  eun  be  xuid  thut  the  Multiple!  Theory  is  not  so  universally  applicable  as  Uulundin 
proposed,  but  it  eonluined  ideus  which  were  very  fruitful  und  which  uguin  up|ourcd  in 
other  forms. 

There  is  ample  evidence  that  geometric  fuetors  in  eutulysis  cannot  Is*  ignored. 

More  (bun  HO  years  ugo,  lloriuti30  calculated,  following  the  leud  of  Eyring,31  thut  the 
lattice  spacing  played  an  important  rule  in  determining  the  magnitude  of  the  activution 
energy  of,  for  instance,  hydrogen  adsorption  on  nickel,  tlecck  was  uhic  to  prepare  ori- 
ented nicial  films  by  vacuum  deposition  und  found  that  the  (110)  face  of  nickel  (the 
face  with  the  leust  atomic  density  and  highest  surface  energy)  was  five  times  more  cuta- 
lyticully  active  thun  films  with  random  orientation.11  Sosnovsky33  observed  thut  the 
kinetic  purameters  of  the  formic  ucid  decomposition  differ  significantly  umongsl  the 
(100),  (110),  und  (III)  planes  of  silver  crystals.  LEE1)  investigations  showed  that  the 
(100)  fuce  of  tungsten  is  active  in  ammonia  chemisorption  and  decomposition  while  the 
( 1 10)  phase  is  passive.34  33  These  examples  illustrutc  the  concept  of  geometric  factor 
in  eutulysis.  A dcc|>er  insight  into  this  field  was  obtained  through  crystal  field  theory 
und  inoleculur  orbital  theory  which  will  be  discussed  luter. 

111.  CONCEPTS  EMPHASIZING  THE  ROLE  OF  THE  COLLECTIVE  ELECTRONIC 
PROPERTIES  OK  CATALYSTS  (ELECTRONIC  FACTOR  IN  CATALYSIS) 

After  it  was  realized  that  strong  chemical  forces  arc  involved  in  chemisorption  und 
eutulysis,  more  und  more  uttention  wus  puid  to  electronic  processes  in  catalysis.  Initially. 

*5J.  II.  I.onu,  J.  C.  W.  F rarer,  und  K.  Oil,  J.  Am.  Chon,  So«.,  56,  HOI  (1934). 

,hl*.  II.  K nuni'tl  and  N.  Skau,  J.  Am.  Chrm.  Soe.,65, 1029(1943). 

IT0.  Honk  ami  A.  W.  II  It  elite,  I her.  Faraday  Sot.,  H,  159(1950). 

II,  KmiiU'll,  "Nr*  Approarhea  to  I hr  Study  of  Calalyrir,"  Ch.  3,  Prksl  lev  I, return,  The  Penney  Ivanla  Stair 
U ill vr rally.  University  I'urk  (1962). 

,0II.  Nullrr  and  K.  Ilanlkr,  /.  f.  Klrklrochrmle,  63,97(1959). 

^*li.  Okamolo,  J.  Ilorluli,  and  K.  Illrota,  Sri.  Papera  Inal.  Hi  ye,  Chem,  Kra.  Tokyo,  29,  233  (1936). 

**  A.  Sherman  and  II,  Kyring,  J.  Am,  Them,  Soe.,  54,  2661  (1932). 
a20.  Derek,  Kev.  of  Mod,  Pliyelee,  17, 61  ( 1 945). 

3^ll,  M,  C,  Soanoveky,  J , Phya.  Chem,  Solid.,  H),  304(1959). 

34V.  ,|.  F.atrupand  J,  Anderaen,  J.  Chem.  Phya,,J9,  523(I%H). 

W.  May,  It,  J,  Sr.oalak,  and  I..  II.  (termer,  Surfaee  Selenee,  J_5,  37  (1969), 
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Roginsky,84  Lennard-Jones,84*  Schmidt,87  and  Nyrop8*  became  aware  that  catalysts 
may  function  us  electron  sources  or  sinks.  Sc  it/. 19  showed  experimentally  that  eleetron 
transfer  and  exchange  phenomena  between  surfaces  of  solids  and  adsorbates  do  occur, 
whereby  neutral  molecules  can  yield  ions  or  radicals  depending  on  the  electronegativi- 
ties of  the  surface  and  the  molecular  fragments.  DeBoer30  observed  ionization  of  ad- 
sorbed molecules  and  described  the  effect  of  adsorption  layers  on  the  work  function  of 
metals.  These  were  the  beginnings  of  a great  research  effort  designed  to  relate  the  elec- 
tronic structure  of  solids  with  their  catalytic  activities.  In  1950,  Dowden  wrote  a fund- 
amental paper  on  “The  Theoretical  Basis  of  Heterogeneous  Catalysis"81  which  consider- 
ably furthered  the  concepts  underlying  the  electronic  factor  in  catalysis.  He  used  the 
band  theory  of  solids  to  interpret  catalytic  reactions  on  surfaces  of  metals  and  semicon- 
ductors and  Hated  the  rates  of  catalytic  reactions  to  the  ionisation  potential  of  the  ad- 
sorbed species  and  the  work  function  and  Fermi  level  of  the  catalyst.  Pauling'B  valence 
bond  theory  of  metals  (to  be  discussed  later)  as  well  as  geometric  aspeets  were  included 
in  Dowdcn’s  study. 

1.  Electronic  Factor  in  Catalyiia  on  Metal*.  Schwab88  was  one  of  the  first  to 
muke  systematic  investigations  designed  to  relate  the  collective  electronic  properties  of 
metuls  and  their  catalytic  activity.  His  work  on  the  dehydrogenation  of  formic  acid  on 
surfaces  of  homogeneous  Humc-Knthcry  alloys,  such  us  silver  containing  some  Cd,  In, 
Sn,  Sb,  Hg,  Tl,  Pb,  or  Bi,  showed  thut  the  increased  electron  concentration  caused  by 
the  uddition  of  multivalent  metals  results  in  increased  activation  energies.  Parallel  with 
this  increase  in  the  activation  energy,  the  eleetrie.al  resistivity  and  mechanical  hardness 
increased  when  multivalent  metals  were  alloyed  to  silver.  It  was  concluded  that  elec- 
trons must  pass  from  the  formic  acid  into  the  metal  in  order  to  form  an  active  transi- 
tion state.  This  process  needs  more  energy  the  more  the  metal  is  already  saturated  with 
electrons. 

In  1949,  Boudurt83  und  subsequently  Bceek34  suggested  thut  Wreck's  results  for 
ethylene  hydrogenation  on  oriented  metal  films  could  perhaps  lx*  better  interpreted 

*«.  Z.  K<»|itiii.kv  und  Schultz,  X.  |»hv*.  Chcm,,  A J3B,  21  ( 1 02B). 

8°‘j.  K.  I.coiiard-Jone*,  Triin*.  Karaday  Sue,  20, 333(1932). 

J7Schmldl,  Client.  Review*,  12,  M3  (19.13). 

^®Nyro|>,  "The  Catalytic  Action  of  Solid*,"  William*  list  Norytalc,  1937. 

2V  Sell*.  J.  Appl.  Phyalm,  B.  2*6  (1937). 

®*J.  It.  Ilellocr,  "Kleelron  Kmlwlnn  and  Ail*of|i(sm  Phenomena,"  Cambridge  llnivrrntty  Bren* (1935), 
l>.  A,  Dowden,  J,  Chem.  Soc.,  2*2 ( 1 9311), 

‘*2C,  M.  Schwab,  Tran*.  Karaday  Soc..  42,  6B9(I9*6);  Disc.  Karaday  Sue.,  H,  I6h  (1950). 

,WM.  Roudarl,  J.  Am.  Cln-m.,  72,  10*0(19*9). 

M0.  Itecck,  Dl*c.  l araday  Soc..  8.  1 10(1950). 
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lining  Pauling’s  valence  bond  theory3*  and  relating  the  catalytic  activities  to  the  percent- 
age d-character  of  the  metallic  bond  rather  than  on  the  basis  of  proper  lattice  spacings 
as  discussed  under  the  heading  “Geometric  Factor  in  Catalysis.” 

Pauling's  theory  is  often  used  in  the  interpretation  of  catalysis  on  metals  and  will 
be  briefly  outlined  here.  Prior  to  this  theory,  it  was  believed  that  d -electrons  make  no 
significant  contribution  to  the  cohesive  forces  in  metals.  Pauling,  however,  pointed  out 
that  the  properties  of  transition  metals  can  be  adequately  described  in  terms  of  dsp  hy- 
brid covalent  bonds  between  metal  atoms.  His  analysis  indicated  that  there  arc  two 
kinds  of  d-banda  in  transition  metals.  One  is  described  by  diffuse  (bonding)  wave- 
functions,  the  other  by  localised  (ar.tibonding)  wave-functions.  To  account  for  (lie 
properties  of  transition  inetals,  Pauling  suggested  that  from  the  five  d-orbitals,  on  the 
average,  2.56  d-orbitals  arc  involved  in  bond  formation  (bond  orbitals)  through  hybrid- 
isation with  the  b and  p orbitals  and  that  the  number  of  covalent  bonds  increases  from 
one  to  six  in  the  sequence  of  potassium,  calcium,  scandium,  titanium,  vanadium,  chro- 
mium, remains  nearly  constant  from  chromium  to  nickel,  and  begins  to  decrease  with 
copper.  The  remaining  2.44  d-orbitals  (atomie  orbitals)  are  occupied  by  antibonding 
electrons  which  are  mainly  responsible  for  the  ferromagnetic  and  paramagnetic  proper- 
ties of  metals.  The  extent  to  which  d-electrons  participated  in  dsp  bonds  was  expressed 
as  the  percentage  d-charai  ter  of  the  metallic  bond  which  represents  a measure  of  the 
unavailability  of  electrons  in  atomic  d-orbitais.  This  theory  provided  a qualitative  inter- 
pretation of  many  properties  of  transition  metals  such  as  interatomic  distance,  charac- 
teristic temperature,  hardness,  and  compressibility,  and  it  accounts  satisfactorily  for 
the  observed  values  of  the  atomic  saturation  magnetic  moments  of  the  ferromagnetic 
metals. 

The  application  of  Pauling’s  valence  bond  theory  of  mctuls  to  problems  in  eutalysis 
marks  the  beginning  of  the  awareness  of  reseurehers  in  eatalysis  of  the  importunee  of 
vurant  atomic  d-orbitals  (valence  bond  theory)  or  holes  in  the  d-bund  (electron  bund 
theory). 34  37  The  remarkable  difference  in  catalytic  activity  of  group  VIII  and  group 
lit  metals,  neighbors  in  the  periodic  (able  of  elements,  bccume  understandable:  The 
group  VIII  metals  have  vacant  atomie  d-orhilals  (holes  in  the  d-band)  which  were  ex- 
pected to  promote  chemisorption  and  eatalysis  by  facilitating  covalent  bond  formation 
between  the  metal  surface  and  the  adsorbate.  In  group  IB  metals,  no  vacant  atomic 
d-orbitals  (holes  in  the  d-bund)  ure  present. 

In  the  following  years,  the  electron  bund  theory  wus  fuvored,  and  chemisorption 
und  eutalysis  were  more  und  more  interpreted  as  an  interaction  of  the  adsorbed  species 
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with  the  electrons  or  holes  which  belong  to  the  whole  iultiee.  From  magnetic  measure- 
ments, it  is  known  that,  Tor  instance,  nickel  has  approximately  0.6  holes  in  the  c/-l>unti. 
These  holes  can  Is-  filled  by  alloying  nickel  with  u group  I B metal  such  as.  copper.  All 
the  holes  in  the  </-band  are  filled  when  60  atom  percent  of  copper  is  alloyed  with  nickel. 
The  alloys  between  group  VIII  and  IB  metals  received  considerable  attention.  A 
change  of  the  catalytic  properties  was  expected  at  the  alloy  composition  where  the 
holes  in  the  (/-band  are  becoming  filled.  The  first  experimental  studies  along  these  lines 
were  encouraging, ,w0  but  a number  of  investigators  did  not  find  changes  of  catalytic 
activity  as  expected.41 ,44  Work  carried  out  in  the  1960’s  (to  be  discussed  later)  showed 
that  considering  mainly  the  collective  electronic  properties  of  metals  does  not  lead  to  a 
satisfactory  interpretation  of  catalysis.  Localized  interactions  have  to  be  considered 
also. 

2.  Electronic  Factor  in  Catalysis  on  Semiconductors.  Beginning  in  the  1%0’s, 
measurements  of  electrical  conductivity  have  established  that  chemisorption  of  gases  on 
semiconductors  is  accompanied  by  electron  transfer-cither  from  the  semiconductor  to 
the  chemisorbed  gas  or  vice  versa.4*'4’  A decrease  in  the  conductivity  of  n-typo  semi- 
conductors as  a result  of  chemisorption  implies  that  electrons  have  been  transferred 
from  the  conduction  band  of  the  semiconductor  to  the  chemisorbed  gas.  A decrease  in 
the  conductivity  of  a p-type  semiconductor  indicates  an  electron  transfer  from  the 
chemisorbed  gas  to  the  semiconductor.  Although  the  electron  transfer  is  in  opposite  di- 
rection in  these  two  processes,  both  an'  accompanied  by  a depletion  of  curriers  in  the 
semiconductor  and  am  classified  as  examples  of  deplelive  chemisorption,  The  reverse 
situation  of  an  increase  In  conductivity  upon  chemisorption  implies  that  carriers  have 
been  accumulated  in  the  semiconductor  surface  and  is  referred  to  as  cumulative 
chemisorption. 
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a.  Boundary  Layer  Theory.  In  1952.  Iluuffe  und  Engcll,50  Aigruin  und 
Dugas. Sl  and  Wcis/.SJ  independently  suggested  that  depictive  chemisorption  on  semi 
conductor  surfaces  could  he  treated  us  an  electronic  boundary  layer  problem  in  analogy 
to  the  boundary  layer  problem  encountered  when  a semiconductor  and  a metal  are 
brought  into  contact.  Metal  {semiconductor  contacts  have  been  studied  in  considerable 
detail  in  view  of  their  importance  in  rectification.®3  34  The  ideas  of  llauffc,  Aigrain 
and  Dugas,  and  Weis/,  are  known  us  “Boundury  Layer  Theory,"  “Rundsehichttheoric," 
or  "Charge  Truesfer  Theory  of  Chemisorption  and  Catalysis."  In  this  theory,  it  is  pro- 
posed that  adsorbed  atoms  give  rise  to  localized  levels  for  electrons  at  the  surface.  These 
levels  can  he  filled  by  current  carriers,  which  are  thus  immobilized,  or  they  can  be 
emptied  and  so  provide  extra  carriers.  The  field  of  these  adsorbed  ions  sets  up  a space- 
charge  layer  near  the  surface.  The  voltage  drop  across  this  space-charge  region  repre- 
sents a change  in  work  function  of  the  surface  and  changes  in  turn  the  energy  of  the 
surface  levels  with  respect  to  the  Fermi  level.  Ltd  us  explore  the  concepts  of  this  theory 
in  more  detail.  For  depletive  chemisorption  on  an  n-typr  semiconductor  (anionic  chem- 
isorption), tht'  energy  of  chemisorption  will  depend  on  the  difference  between  the  elec- 
tron affinity  of  the  adsorbed  species  and  the  work  function  of  the  semiconductor.  As 
more  atoms  are  adsorbed  and  more  electrons  are  transferred,  levels  deeper  in  the  solid 
are  used  to  yield  their  electrons  und  a space  charge  builds  up  in  the  boundary  layer. 

As  a result,  the  potential  energy  of  electrons  in  the  boundury  layer  becomes  modified 
and,  in  passing  from  the  semiconductor  to  the  ehemisorbute,  electrons  have  to  surmount 
a potential  barrier.  Finally,  equilibrium  is  established  when  the  potential  energy  of  elec- 
trons in  the  adsorbate  equals  the  potent'  ' energy  of  electrons  in  the  semiconductor 
(i.c.  Fermi  level).  Beyond  this  point,  chemisorption  can  no  longer  proceed  with  u de- 
crease in  free  energy.  For  depletive  chemisorption  on  a p-type  semiconductor,  the  en- 
ergy of  chemisorption  depends  on  the  difference  between  work  function  and  the  ioniza- 
tion potential  of  the  adsorbate.  Equilibrium  is  established  when  the  Fermi  level  reuehes 
the  height  of  the  electronic  level  of  the  adsorbate.  The  boundary  layer  theory  wus  em- 
phasized ugain  and  discussed  in  more  detail  in  lluuffe's  luter  publications,55  56  and  by 
Gurrel.57  This  theory  wus  formulated  to  explain  catalytic  reactions  which  affect  the 
concentration  of  current  carriers  and  the  work  function  of  the  catalysts.  Therefore,  the 
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boundary  luyer  theory  cannot  be  expected  to  be  applicable  to  all  catalytic  reactions, 
liauffc  was  aware  that  heterogeneous  reactions  may  take  place  without  intermediate 
electron  exchange  and  may  be  catalyzed  only  by  a lowering  of  the  activation  energy 
affected  by  the  action  of  stray  surface  fields.**  lie  called  this  kind  of  catalytic  activa- 
tion “heterogeneous  polarization  catalysis'*  but  considered  it  to  be  comparatively  less 
important. 

The  boundary  layer  theory  stimulated  a great  deal  of  experimental  work.  This 
theory  predicts  that  for  depictive  chemisorption  the  coverage  at  equilibrium  should  be 
small.  There  is  considerable  evidence  that  this  pattern  is  followed.1*  Many  investiga- 
tions were  carried  out  with  semiconducting  metal  oxides  whose  carrier  concentration 
had  been  modified  by  addition  of  altervalent  ionB.  In  a p-type  semiconducting  oxide, 
such  as  NiO,  the  addition  of  a monovalent  cation  like  Li4  increases  the  number  of  posi- 
tive holes  and,  hence,  the  conductivity.  The  addition  of  trivalent  ions  such  as  Cr1+  de- 
creases the  number  of  positive  holcB  and  conductivity.  Schwab  and  Block40  found  that 
addition  of  Li4  not  only  increased  the  conductivity  but  also  decreased  the  activation 
energy  for  oxidation  of  carbon  monoxide  on  NiO  surfaces,  it  was  concluded  that  the 
formation  of  a positive  ion  on  the  p-type  semiconductor  surface  is  the  rate-determining 
step.  In  an  n-type  semiconductor  like  ZnO,  the  addition  of  Li4  results  in  a decrease  in 
the  number  of  free  electrons  and,  consequently,  a decrease  of  the  conductivity.  The 
addition  of  trivalent  ions  like  GaJ4  increases  the  conductivity  by  increasing  the  supply 
of  free  electrons.  Li4  doping  resulted  in  an  increased  activation  energy,  Ga34  doping 
in  a decreased  activation  energy  for  the  carbon  monoxide  oxidation.  These  results  are 
consistent  with  the  idea  that  the  catalytic  oxidation  of  carbon  monoxide  on  ZnO  sur- 
faces involves  the  chemisorption  of  oxygen  as  the  slow  step.  Since  oxygen  is  an  electron 
acceptor,  the  greater  the  supply  of  electrons  at  the  surface  of  the  ZnO  the  easier  will  be 
the  formation  of  the  surface  oxygen  ions  and,  hence,  the  lower  the  activation  energy 
for  the  catalytic  process. 

Other  examples  of  a relationship  between  semiconductivity  and  catalytic  activity 
arc  known.  However,  the  relationship  is  not  at  all  as  clear  and  straightforward  as  the 
above  examples  might  lead  one  to  believe.  For  instance,  when  Parravano41  studied  the 
oxidation  of  CO  over  doped  NiO,  he  found  the  opposite  result  to  that  of  Schwab.  The 
activation  energy  of  carbon  monoxide  oxidation  increased  rather  than  decreased  as  the 
concentration  of  the  Li4  ions  in  the  NiO  was  increased.  Conversely,  the  addition  of  Cr3‘ 
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caused  a lowering  of  th**  energy  of  uctivatinn  rather  Ilian  an  increase.  Schwab's  work 
was  later  confirmed  by  Dry  and  Slone,63  Paravane's  by  Rogmsky.*3  There  are  some 
differences  in  how  these  experiments  were  conducted.  The  moat  important  » tbit 
Schwab  studied  the  carbon  monoxide  oxidation  in  the  temperature  range  of  25045Q°C 
and  Purravuno,  in  tin1  range  between  180  and  250°C.  However,  thin  reversal  of  the 
do  pent  effect  with  temperature  cannot  be  interpreted  on  the  basis  of  the  boundary 
layer  theory.  Dell  and  Stone*4  investigated  the  chemisorption  of  oxygen,  hydrogen, 
and  carbon  monoxide  on  nickel  oxide  and  found  already  in  1934  that  electrostatic  ef- 
fects alone  do  not  provide  a satisfactory  interpretation  of  these  processes.  Since  then, 
much  information  was  obtained  which  shows  that  chemical  effects  such  as  bonding  to 
surface  sites  of  different  nature  and  energies  are  often  more  important  than  current 
carrier  concentration  and  position  of  the  Fermi  level.  Much  work  along  these  lint's  was 
done  by  Tcichncr,**  as  well  aa  Burwell**  which  will  be  discussed  in  a later  section. 
Corroborating  these  views  are  the  results  of  Cray*7  (presented  later)  which  indicate 
that  deep  lying  trapping  levels  (sites  of  different  nature  and  energy)  may  be  more  impor- 
tant in  catalysis  than  the  principal  donor  or  acceptor  levels  (free  electrons  or  holes). 

The  boundary  layer  theory  is  based  on  the  band  model  of  the  aoiid  state.  How- 
ever, as  pointed  out  by  DeBoer  and  Verwey,**  Mott,**  and  Morin,7*  the  3 d-oxides 
OjOj,  MnjOj,  KcjOj,  CoO,  NiO,  and  CuO,  unlike  Zi>0,  do  not  appear  to  form  a 
3 d-band  but  have  3 (/-levels  localized  around  the  cations.  Consequently,  theory  ulso 
Ridicules  localised  interaction  in  chemisorption  on  the  oxides  from  Cr2()s  to  CuO, 
rather  than  interaction  with  free  electrons  or  holes. 

b.  Volkenstein  Theory.  The  most  comprehensive  study  of  the  electronic 
factor  in  catalysis  was  carried  out  by  Volkenstein  in  his  "Electronic  Theory  of  Catalysis 
on  Semiconductors."71  Volkenstein  terms  it  a quantum  mechanical  examination  of  the 
interaction  of  foreign  molecules  with  crystal  lattices.  Contrary  to  the  boundury  layer 
theory,  the  VolkenMein  theory  includes  chemisorption  without  electron  transfer. 
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Volkenstcin  postulated  that  loculi/, ution  of  a fret!  electron  or  hole  on  or  near  an 
adsorbed  particle  produces  a change  in  the  nature  of  its  bond  with  the  surface,  leading 
to  strengthening  of  the  bond.  Therefore,  two  kinds  of  bonds  in  chemisorption  ure  dis- 
tinguished. One  is  "weuk’’  chemisorption  in  which  the  chemisorbed  purticles  remuin 
electrically  neutral  and  in  which  the  bond  between  the  particle  and  the  lattice  is  brought 
about  without  the  participation  of  a free  electron  or  hole  from  the  crystul  lattice  but  by 
deformation  of  the  electron  cloud  of  the  foreign  molecule  or  the  ion  of  the  lattice 
which  is  the  adsorption  center.  This  bond  U analogous  to  one-electron  bonds  in  mole- 
cules. In  the  “strong*'  chemisorption,  the  chemisorbed  particle  retains  in  Its  neighbor- 
hood a free  electron  or  hole  which  Is  involved  in  the  chemisorptive  bond.  If  on  electron 
is  captured,  the  strong  bond  formed  is  colled  un  n-bond,  or  acceptor  bond,  if  a free 
hole  is  captured,  a strong  p-bond,  or  donor  bond,  is  form  'd.  Acceptor  and  donor  bonds 
can  be  ionic  or  homeopolar  or  of  mixed  type  depending  on  how  the  electron  or  hole  is 
captured  and  distributed.  The  eieetrons  or  holes  may  lx*  taken  from  the  lattice  or  they 
may  be  obtained  from  the  atoms  or  ions  of  the  lattice  which  act  us  adsorption  centers, 

Free  eieetrons  or  free  holes  in  u crystal  perform  the  functions  of  free  negutive  or 
positive  valencies.  Consequently,  “strong"  chemisorption  indicates  a free  surface  valen- 
cy being  involved  in  the  bond,  in  other  words,  valency-saturated  particles  ure  being 
converted  to  radicals  or  ion  radicals  which  leads  to  increased  reuctivity.  II  cun  be  eon- 
eluded  that  the  different  forms  of  chemisorption  ure  distinguished  not  only  by  the 
character  and  strength  of  the  bond  but  also  by  the  reuctivity  of  the  chemisorbed  particle. 

The  various  forms  of  chemisorption  muy  be  converted  into  one  another,  i.e..  in  the 
course  of  its  life  in  the  adsorbed  state,  the  adsorbed  purticle  may  chungc  the  character 
of  its  bond  with  the  surface.  This  happens  as  a result  of  localization  or  dcloculi/.ution 
of  free  electrons  or  holes.  A particle  held  by  u "weuk"  chemisorptive  bond  which  has 
un  uffinby  for  u free  electron  is  reflected  in  the  energy  bund  representation  of  solids  by 
u local  acceptor  level;  a particle  having  an  affinity  for  a hole  corresponds  to  a local 
donor  level.  The  occurrence  of  un  electron  at  the  local  acceptor  level  or  the  removal  of 
un  electron  from  a locul  donor  level  indicates  the  transition  from  "weuk"  to  “strong" 
bonding.  Tin1  rcmovul  of  un  electron  from  un  acceptor  level  or  a hole  from  u donor 
level  indicutes  I he  transition  from  the  "strong"  to  "weak"  form  of  chemisorption.  In 
the  “Houndary  buyer  Theory."  weak  bonding  is  not  considered,  and  the  removal  of  un 
electron  from  un  acceptor  level  or  u hole  from  a donor  level  means  desorption  of  the 
purticle,  signifying  tin*  disappearance  of  the  loeui  level  itself.  Volkenslein  stresses  that 
Ibis  notion  of  un  acceptor  level  which  exists  only  as  long  as  it  is  occupied  by  un  electron 
or  u local  donor  level  which  is  ulwuvs  deprived  of  its  electron  renders  mcuniugless  the 
very  concept  of  u local  level  us  a level  cupuldc  of  accepting  or  giving  up  an  electron. 

When  electronic  equilibrium  bus  been  established,  the  relative  concentrations  of 
different  forms  of  chemisorption  on  the  surface  and  lliercbv  the  reactivity  o!'  the 
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chemisorbed  part ic U<h  uh  well  art'  determined  by  the  position  uf  the  Fermi  level  on  the 
Htirfaee  of  the  crystal.  If  the  Fermi  level  is  close  to  the  conduction  band,  the  relative 
number  of  strong  ucceptor  bon  da  will  be  great.  If  the  Fermi  level  ia  aitoated  eloae  to 
the  valenee  hand,  the  relutive  number  of  drong  donor  bonda  will  be  great.  The  relative 
coneentration  of  the  “weak”  form  of  chemisorption  will  be  greatest  when  the  Fermi 
level  ia  equidiatunt  from  the  eonduetion  and  valenee  hunda.  Different  forma  of  ehemi- 
aorption refleet  different  reactivitiea  of  the  adaorhed  partielea.  The  reaction  rate  will 
Is-  higher  the  higher  the  concentration  of  the  active  forma.  Consequently,  the  ratea  of 
reaeliona  will  depend  on  the  poaltion  of  the  Fermi  level  of  the  aolid.  In  euaea  where 
different  reuetiona  cun  occur,  aueh  aa  for  inatunee  dehydration  or  dehydrogenution  of 
ulcohola,  the  relutive  uetivity  of  the  catalyat  for  dehydration  or  dehydrogenution  (the 
eourae  uf  the  rcuction)  will  alao  depend  on  the  poaition  of  the  Fermi  level. 

According  to  the  vuriution  of  reaction  rutea  with  the  poaition  of  the  Fermi  level, 
Volkenatein  divides  all  heterogeneous  reuetiona  into  two  classes.  To  one  of  theae  be- 
long the  reaeliona  which  proceed  more  rapidly  the  higher  the  Fermi  level  (all  other  con- 
ditiona  being  equal).  These  are  reactions  accelerated  hy  electrons  und  are  called  accept- 
or reactions,  or  n-eluaa  reactions.  To  the  other  class  la-long  reactions  whose  rate  is  the 
greater  tin*  lower  the  Fermi  level.  They  are  called  donor  reactions,  or  p-cluss  reactions. 
Not  only  different  reactions  hut  also  the  different  reaction  stages  of  a given  reaction 
inuy  belong  to  opposite  classes.  An  acceptor  stage  may  Is*  followed  hy  a donor  stage 
and  vice  versa.  Stages  in  which  the  rate  of  reaction  does  not  depend  on  the  position  of 
(he  Fermi  level  are  ulso  possible.  Volkenatein  shows  (hut  the  position  of  the  Fermi 
level  depends  to  some  degree  on  the  condition  under  which  the  reaction  occurs,  i.c,,  on 
(lie  temperuture  und  the  partial  pressures  of  tin-  reactants.  Since  the  Fermi  level  posi- 
tion is  to  u certain  extent  a funeliou  of  the  temperature,  it  enters  the  experimental  acti- 
vation energy  us  a component.  This  consideration  may  permit  tin-  interpretation  of 
Schwab's71  und  Furruvunu's71  divergent  results  on  carbon  monoxide  oxidation  which 
were  obtained  with  identically  doped  Ni'l  as  catulyst  hut  at  different  temperatures. 

“Strong''  chemisorption  on  semiconductor*  leads  to  ehurging  of  the  surface  und 
the  uppeuruneo  uf  a spare  charge.  This  produces  Is-nding  of  the  energy  hands  near  the 
surface,  und  the  distance  he  tween  the  Fermi  level  and  the  energy  hands  will  he  different 
near  the  surface  (Kn)  as  eoinpun-d  to  this  dislnuee  inside  of  the  crystal  ( Kv ).  lining  the 
condition  of  electrical  neutrality  of  the  crystal  as  a whole.  Volkenslein  showed  that  K„ 
depends  oil  F.v.  Since  surface  properties  sneh  as  eutulylie  activity  urc  determined  hy  K„ 
and  hulk  properties  such  as  electrical  conductivity  hy  F.v.  a correlation  between  surface 
and  hulk  properties  is  established.  However,  the  parallel  change  of  electrical  conductivity 

Ta(i,  M.  Srliwuli,  I,  Block,  Z.  phy*.  Clam.  N.K..1.  42(1994):  /.  f.  Klekttoclicinle,  5B,  7M<  19.14);  “Semlcmi- 
tluetor  Surface  I’ll  yKlee,  It.  II.  I'.d.,  (Tiilveritly  of  Penney  Ivuala.  2H3  ( I'l.lrf). 

7,V  I'arravano,  J.  Am.  Cliem.  Son..  79.  I M2. 14-W  (1953). 
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and  activity  can  be  direct  or  inverse.  If  an  n >01888  reaction  on  an  ^semiconductor  or  a 
p-class  reaction  on  a p-scmicemductor  occurs,  the  relation  between  electrical  conductiv- 
ity and  catalytic  activity  will  be  direct.  In  the  cast;  of  an  n-class  reaction  on  a p-semi- 
conductor  or  a p-claas  reaction  on  an  n -semiconductor,  the  relationship  will  be  inverse. 

It  ia  also  emphasised  that  a connection  between  electrical  conductivity  and  catalytic 
activity  may  not  exist  in  ail  casea,  and  parallel  changea  of  these  quantities  cannot  bo 
expected  when  comparing  semiconductors  differing  in  their  chemical  nature. 

The  relationship  between  the  surface  and  bulk  properties  breaks  down  in  the  case 
of  a “quasi-isolated  aurfacc.’’  This  can  happen  when  the  surface  concentration  of  elec- 
tron and  holes  localised  in  aurface  acceptor  and  donor  levels  arc  nearly  the  aame. 

Under  these  conditions,  a change  in  the  distance  of  the  Fermi  k:vel  from  the  energy 
bands  in  tin;  inside  of  the  crystal  is  not  accompanied  by  a change  in  this  distance  on 
the  surface. 

In  the  Volkenatcin  theory,  poisoning  and  promoting  effects  of  impurities  are  dis- 
cussed. Linder  the  term  “impurity"  not  only  foreign  atoms  are  meant  but  also  any  lo- 
cal disturbance  of  the  lattice.  The  rule  of  an  impurity  is  also  fulfilled  by  chemisorbed 
particles  participating  in  the  reaction.  Two  types  of  impurities  an;  distinguished- 
namely,  acceptor  and  donor  impurities- which  play  the  mk;  of  localisation  centers  for 
lattice  free  electrons  and  holes  respectively.  The  same  foreign  particle  dissolved  in  the 
lattice  can  assume  the  role  of  an  acceptor  or  donor  impurity  depending  on  the  manner 
of  its  inclusion  in  the  lattice,  i,o.,  whether  it  is  in  an  Interstitial  position  or  substitutes 
for  a regular  lattkc  ion.  Acceptor  impurities  always  displace  the  Fermi  level  downward, 
donor  impurities  upward.  By  increasing  the  temperature  or  lowering  the  impurity  con- 
tent, the  Fermi  level  is  always  drawn  to  tin;  center  of  the  forbidden  region.  Since  the 
position  of  the  Fermi  level  affects  the  activation  energy,  all  of  this  results  in  promoting 
or  poisoning  effects.  Acceptor  reactions  are  accelerated  by  donor  impurities  and  slowed 
by  acceptor  impurities.  Donor  reactions  are  accelerated  by  acceptor  impurities  and 
slowed  by  demur  impurities.  These  considerations  show  that  the  same*  impurity  in  the 
Hume  catalyst  muy  act  us  a promotor  in  one  reaction  and  us  u poison  in  another.  If  a re- 
action consists  of  two  or  more  consecutive  stages  belonging  to  donor  und  ucccptor 
cIuhsch,  an  inereuse  in  impurity  content  (displacement  of  the1  Fermi  level)  may  shift  the1 
rule-limiting  step  from  one  stage  to  the  either.  This  shews  that  an  impurity  which  ue-ts 
feir  a purtindur  reaction  at  one  cone!cntrutie»n  us  u promotor  may  In;  u peiisem  at  another 
e;«»ne;e*n  Irul  ion . 

Aneither  interesting  uspe>e;t  eif  VolLenstein's  views  is  the1  influence  of  fine'  dispe-rsiein 
e»f  e'utulysts  em  their  eutuly  tie:  properties.  The;  space  I'liargi1  is  unilorrnly  spread  esver  the- 
whole-  volume  eif  very  small  scmlcemdlietor  purl  irks  if  the1  ratiei  of  veilume*  tei  surface1  eif 
the1  purlicle  is  e-e|uul  eir  smaller  than  the1  eliumeler  eif  the  surface1  spuec  in  whiedt  the  e*ne;r- 
gy  bunds  are*  be  nt  (seterning  length).  In  eithe'r  weirds,  the1  Fi'rmi  le'vel  is  the1  same1  on  the* 
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Mirf;i<r  anil  in  (lie  inside  of  the  particle.  This  will  alTeel  the  adsorption  capacity  and 
catalytic  activity.  This  effect  ran  he  expected  when  llie  snrl'aee  area  reaehes  lens  of 
sipmrc  nielers  per  gram.  The  screening  length  is  usually  I O'4 -1 0‘5  im. 

In  a more  recent  paper.74  Volkenstein  eni|)hasi/.eil  that  in  ehemisorplion  the  term 
“electron  transfer"  is  not  to  he  understood  in  a geometrical  sense  hut  in  terms  of  ener- 
gy as  a transition  of  an  electron  from  one  energy  level  to  another.  The  term  “electron 
transfer"  in  its  direct  geometrical  sense  should  lie  discarded  in  works  on  chemisorption 
and  catalysis,  just  as  at  one  lime  the  concept  of  electron  orldls  was  discarded  in  the  the. 
ory  of  the  atom.  Volkenstein  also  stressed  that  I lie  concept  of  local  and  cooperative 
interactions  is  fundamental  to  the  electron  theory,  in  the  first  ease,  we  deal  with  the 
interaction  of  an  adsorbed  particle  with  an  adsorption  center.  In  the  second  ease,  the 
entire  collective  of  free  electrons  and  holes  of  the  loll  ire  comes  into  play.  Problems  of 
I In*  first  kind  belong  to  <pian!nm  mechanics:  those  of  the  second  kind  to  ,’iunutum 
statistics. 

With  his  “(electronic  Theory  of  (iutalysis  on  Semiconductors."  Volkenstein  demon- 
strated the  possibility  of  a formaliml  theory  with  consideration  of  weak  and  strong 
chcmisorptivc  bonding,  the  variation  between  hulk  and  surface  characteristics,  and  the 
structure  sensitivity  of  these  features.  The  Volkenstein  Theory  has  many  parameters 
which  is  not  surprising  in  view  of  the  complexity  of  catalysis.  However,  due  to  the 
large  number  of  parameters,  it  is  difficult  to  prove  or  disprove  the  theory  or  to  use  it  as 
a guide  for  the  discovery  of  new  catalysts. 

In  this  and  the  following  paragraph,  some  experimental  work  with  relevance  to  the 
Volkenstein  theory  will  he  discussed.  In  the  Volkenstein  theory,  the  formation  of  radi- 
cals and  rudical  ions  on  surfaces  is  postulated.  This  matter  was  studied  experimentally 
by  kasunsky  and  Pariisky 75  who  found  in  electron  spin  resonance  investigations  (hut 
free  radicals  forming  a weak,  one-electron  bond  with  the  catalyst  can  only  Is*  found  on 
surfaces  of  insulators.  These  bonds  were  found  In  he  so  weak  that  these  species  are  not 
expected  to  he  important  in  catalysis.  (They  can  he  observed  only  at  temperatures  be- 
low -Iil0°(i.)  On  semiconductor  surfaces,  this  form  of  radicals  was  not  found  probably 
because  they  trap  free  electrons  ami  transform  to  strongly  chemisorbed  molecules.  Rad- 
ical ions  foi uied  by  loealwutinn  of  free  electrons  on  the  adsorbed  particles  were  found 
on  ricmieonductnr  surfaces  and  are  expected  to  he  important  in  cataly  sis. 

The  many  experimental  studies  aimed  at  correlating  semieonduelivity  and  catalytic 
activity  carried  out  mainly  in  the  lUrdlsdid  not  yield  conclusive  results.  In  more  recent 

' h'.  I\  Volkt'iisti'ln.  Uli  lotcriutllonxl  Conan1**  on  (jI*U<Ik  Moscow,  |%H.  reprltils  of  (miiits  ioiii|iili'il  for  The 
CuUIvhU  Xorltfs  its  Ini'  tt.  I liult lower.  (Tlicioleu I Knuliii'i-rliiii  Oeourtinent.  H «•*'  1 1 iilvcrsii  v,  Houston,  Tt'xus 
7 700 1,  Vol.  0.  |>.  aOOli. 

"I 

V,  b.  Kaminsky  ami  (I,  tl.  I'arilskv.  Pros.  .'Ini  I nlrmo I i.nui I Cniiitrrss  on  Catalysis,  Vol.  I.  |nau<‘  307.  North. Holland 
I'liklisliliia  Co..  Art  li'rdain  ( 1 00(1). 
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I i tiirs,  Vriclund  tmd  Sclwood74  dealt  again  will)  this  problem.  They  recognized  I lui I (hr 
rare  earth  oxides  KiijOj  and  GdjOj  ure  about  us  nearly  identical  as  two  solids  can  be 
except  lor  the  difference  in  their  seiniconduclivity.  Ku-,Oj  hus  one  less  electron  in  the 
4f-shcll  and  offers  the  possibility  of  reduction  to  the  2+  oxidation  state,  Owing  to  the 
shielding  of  the  outer  electrons,  exchange  effects  are  minimal  In  both  these  oxides, 
doth  are  n-type  oxides,  but  the  semieonduetivity  of  KuaO)  is  greater  by  a faelor  of  19 
at  800° (1  than  that  of  (<d]0j . Sinee  the  experiments  showed  that  the  rale  for  the  de- 
composition of  ammonia  and  the  activation  energy  for  this  reaction  arc  almost  identical 
for  each  of  the  oxides,  the  conclusion  was  drawn  that  there  is  no  relation  between  semi- 
conductivity  and  catalytic  activity  in  this  case. 

c.  The  Role  of  Electrons  and  Holes  In  Surface  Reactions  on  Semiconduc- 
tors as  Discussed  by  H.  Gerischer.  Geriseher's  discussion  of  electron  transfer  processes 
on  semiconductor  surfaces  is  interesting  from  the  viewpoints  of  both  electrochemistry 
und  catalysis.77  In  these  processes,  he  distinguishes  the  cases  of  weak  and  strong  inter- 
action between  reactants  and  semiconductors.  In  weak  interaction,  the  energy  levels  of 
the  reaetant*  and  of  the  semiconductor  remain  unchanged.  In  strong  interaction,  new 
energy  states  ant  formed  by  combination  of  suitable  states  of  the  reuctanls  and  the 
semiconductor. 

in  the  case  of  weak  interaction,  electron  transfer  is  most  likely  if  the  energy  levels 
of  the  readmits  and  the  semiconductor  surface  arc  on  the  same  height  and  will  bo  limit- 
ed to  a runge  of  energy  levels  differing  by  not  more  than  kT.  This  principle  excludes  ull 
energy  level*  of  donors  or  acceptors  within  the  band  gap  from  electron  transfer,  if  sur- 
face states  ure  present  with  energy  levels  within  the  forbidden  /.one,  they  cun  contribute 
to  the  electron  exchange  to  some  extent.  This  may  become  important  in  eases  where 
the  direct  exchange  rate  is  small  because  the  energy  levels  of  the  reuctunts  an*  in  the  en- 
ergy runge  of  a wide  band  gap  scmiconduetor.  When  the  overlapping  of  the  orbitals  of 
surface  atoms  and  rcuetunts  is  large  enough  and  the  ncccssury  symmetry  conditions  are 
fulfilled,  new  quuutum  stutes  for  electrons  an1  generated  in  the  surface  (strong  interac- 
tion). The  fuvoruble  bonding  stutes  will  be  close  |o  the  valence  bund  energy  levels i the 
corresponding  untibonding  orbituls  will  have  energies  ncur  the  runge  of  the  conduction 
bund,  Bond  breaking  between  surface  atoms  will  occur  if  the  energy  levels  of  the  new 
bonds  urc  lielow  (lie  top  of  the  vulcucc  bund.  The  new  bonds  cun  lie  formed  easily  if 
unoccupied  quantum  stales  are  uvuilublc  in  the  valence  bund  und  if  the  excess  electrons 
cun  lie  transferred  into  bonding  quantum  stales.  Otherwise,  electrons  of  the  reuetunls 
would  have  to  is1  excited  to  untibonding  states  which  excludes  bond  formation. 


'S'..  <».  VrirUnd  ind  P,  W,  Sdwood,  J,  C«Uly*lH,  JL  119(1964). 
7^ll,  (irriM'hrr.  Surf*to  Sdcm  r,  U.  26.1  (196V). 
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Surface  atoms  in  the  radical  intermediate  slate  with  one  unpaired  electron  i nn 
interact  nuii’li  readily . If  n reactant  approaches  such  a railiral  surlun*  alum,  a new 
chemical  liuiul  in  for  mi'll  by  rombiiiulioti  of  tin*  orbitals  of  llu*  nulirul  surfuce  stale  anil 
the  lii|tli«‘Hl  occupied  stale  of  llu*  reactant.  bonding  occurs  since  two  electrons  art*  in- 
corporated into  tin*  now  bonding  orbitul  wltili*  om*  iiiiihI  In*  |iromo(i*<l  into  an  untihond- 
inn  orbital.  The  strongly  adsorbed  readmit  now  Iuim  om*  imon-ii pit'll  I'li-i'tronir  stale 
available  wliii'b  ran  pick  up  uu  electron  fr.  in  tbo  I'onduclion  bum).  If  Ibid  occurs,  tin* 
bonding  will  be  weakened  so  much  liu'  -(sorption  can  follow,  particularly  if  (be  lie- 
sorbing  species  is  able  to  carry  away  the  excess  electron  and  to  undergo  an  irreversible 
change  in  elienueal  structure. 

An  example  of  sucb  behavior  is  the  reduction  of  IIjOj  which  occurs  on  germanium 
only  after  interaction  with  a radical  surface  state.  Klcelron  transfer  and  decomposition 
into  OH*  and  01 1^*,^.,!  follow.  The  rate-determining  step  is  the  generation  of  radical 
surface  states  which  is  controlled  by  the  concentration  of  electrons  in  the  surface. 

An  analogous  mechanism  can  he  postulated  for  the  oxidation  of  electron  donors 
which  cannot  transfer  electrons  directly  into  the  vulcncc  band  of  the  semiconductor. 

The  strong  interaction  between  the  electron  states  of  the  surface  non  the  reactants 
brings  the  occupied  energy  levels  of  the  adsorbed  molecules  into  the  energy  range  of 
the  vulcncc  bund  and  charge  transfer  becomes  possible.  If  holes  are  present  in  the  sur- 
face, they  cun  be  transferred  to  the  adsorbed  molecules.  This  leads  to  u weakening  of 
the  bond  and  an  oxidised  species  cun  be  desorbed. 

(ierischer  concludes  that  the  efficiency  of  electrons  und  holes  in  redox  processes 
is  primarily  controlled  by  the  energy  correlations  between  the  quantum  states  in  the 
energy  bunds  of  the  semiconductor  und  the  donor  or  ucceptor  levels  in  the  potential 
reactunts.  Since  the  quunlum  stutes  in  the  range  of  the  energy  bands  do  often  little 
ovcrlup  with  electronic  systems  outside  the  semiconductor,  rudicul  surface  states  will 
be  most  important  for  chemical  interaction  (chemisorption).  The  energy  levels  of  these 
rudicul  surface  utoius  will  lie  located  within  the  bund  gup. 

An  eleetroueulrul  catalytic  reaction  must  include  an  oxidation  and  a reduction 
step  in  purulh'l.  This  Is'eomes  more  unlikely  the  larger  the  band  gap  is.  On  the  other 
hand,  with  increasing  band  gap,  the  importance  of  surface  states  within  the  gap  will  in- 
crease, These  surfuce  states  ure  “active  centres*’  for  udsorption  und  can  catalyze  the 
electronic  interaction  between  potential  reactants  und  the  electrons  in  the  bands  of  the 
crystal  if  a ehurge  transfer  process  is  involved  in  the  net  reaction.  It  seems  much  more 
prohublc  that  catalytic  reactions  on  semiconductor  surfaces  depend  on  the  presence  of 
surfuce  slates  rutlicr  than  on  the  electron  distribution  over  the  energy  bands  in  the  crys- 
tal interior.  This  is  in  contrast  to  electrochemical  reactions  where  (he  electrons  und 
holes  have  a decisive  function  in  most  euses. 
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Gcrischer's  theory  appears  to  be  more  in  line  with  current  results  and  thinking  in 
eotalysis  research  os  compared  to  Volkenstein’s  views.  Volkenstein,  for  instance,  con- 
sidered strong  adsorption  to  be  mainly  due  to  interaction  of  adsorbed  particles  with 
conduction  electrons  or  holes.  It  is  interesting  to  note  the  similarity  between  Gerischcr’s 
surface  states  and  the  deep-lying  trapping  levels  observed  by  Gray. 

d.  The  Role  in  Catalysis  of  Deep-Lying  Levels  as  Compared  to  the  Role  of 
the  Principal  Donor  or  Acceptor  Levels  as  Discussed  by  T.  J.  Gray.  Adsorption  and  de- 
sorption phenomena  on  ZnO  were  widely  investigated7*'*1  and  frequently  interpreted 
in  terms  of  the  boundary  layer  theory  and  Volkenstein  Theory,  i.c„  they  were  directly 
und  exclusively  related  to  the  donor  level  of  0.12  to  0.15  eV.  However,  Gray  had  al- 
ready pointed  out  in  1960  that  deeper  lying  levels  may  play  a significant  role  also.  In 
a recent  paper,*4  Gray  and  Amigucs  obtained  more  information  on  these  levels  and 
found  indications  that  deep-lying  levels  may  be  more  important  for  catalysis  than  the 
principal  donor  or  acceptor  levels  which  give  rise  to  semiconductivity.  These  results 
were  obtained  with  ZnO,  an  n-type  semiconductor,  which  was  extensively  used  in  in- 
vestigations airt"''  at  correlating  semiconduetivity  and  catalytic  activity.  Gray  and 
Amigucs  use  technique  of  thermally  stimulated  electron  currents  whereby  ex- 
tremely pur<  J or  TIO]  was  illuminated  at  -I96°G  (using  UV  light  exceeding  in 
energy  the  respective  band  gaps)  and  then  slowly  and  uniformly  warmed  in  the  dark 
whereby  temperature  and  current  were  continuously  recorded.  The  exact  location  and 
occupancy  of  various  trapping  electron  levels  could  be  determined  in  this  way.  Even  in 
extremely  pure  ZnO  (99.9995S),  levels  at  0.4-0.5  eV,  0.6  eV,  0.8  cV,  1.0  eV,  and  1. 1-1.2 
eV  were  found  as  well  as  the  well-known  donor  level  at  0.12-0.15  eV.  The  level  at 
0.4-0.5  eV  could  be  identified  as  being  due  to  a residual  copper  impurity  of  about  0.3 
ppm.  The  trapping  level  at  0.8  eV  is  associated  with  the  adsorption  of  the  O'  ion.  and 
the  level  at  1 .1  eV  was  attributed  to  an  ionic  conduction  process  with  an  activation  en- 
ergy of  1.1  eV.  Experiments  in  different  atmospheres  revealed  that  adsorption  or  de- 
sorption of  oxygen,  hydrogen,  water  vapor,  or  hydrocarbons  has  a more  profound  ef- 
feel  on  the  trappings  of  deep-lying  levels  than  on  the  donor  level.  Consequently,  it  ap- 
pears that  the  deep-lying  levels  have  greater  significance  in  catalysis  than  the  principal 
donor  level.  Gray  points  out  that  this  should  not  surprise  chemists  since  the  energy  of 
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the  principal  donor  level  corresponds  to  a heal  of  adsorption  of  only  2.7-3. 5 Kcul/molc 
while  a heal  of  adsorption  of  8-18  Keal/mole,  corresponding  to  the  energy  of  the  deep- 
er levels,  is  in  a more  reasonable  range.  Gray  also  stressed  that  his  results  which  show 
the  importance  of  deep-lying  levels  in  chemisorption  and  catalysis  may  bring  about  a 
reconciliation  of  the  view*  expressed  in  the  electronic  theory  of  catalysis  with  those 
which  eonstitute  the  acid  site  concept. 

IV.  RECENT  CHEMICAL  CONCEPTS  IN  CATALYSIS 

1.  Crystal  Field  Theory  in  Catalysis.  In  1 951 , crystal  field  theory  was  used  the 
first  time  to  interpret  the  spnctru  of  transition  metal  complexes,"  This  approach  was 
very  successful  and  resulted  during  the  following  decade  in  an  avalanche  of  research  ac- 
tivity in  inorganic  chemistry.  Some  yours  later,  crystal  field  theory  also  began  to  have 
some  impact  on  research  in  catalysis.  Therefore,  it  will  he  briefly  discussed  here:  In  u 
transition  metal  ion  which  is  isolated  from  all  other  species,  as  for  instance  in  vacuum, 
the  five  (/-orbitals  are  degenerate  which  means  they  have  identical  energies.  In  solution 
und  in  the  solid  state,  each  transition  metal  ion  is  surrounded  by  negative  ions  or  by  di- 
poles: as  a consequence,  it  is  more  difficult  to  place  electrons  in  the  d-orbitals  of 
the  transition  metal  ion.  In  oilier  words,  the  energy  of  the  d-orbitals  increases  as  ligands 
approach  the  orbitals.  In  addition,  the  interaction  of  the  (/-orbitals  of  the  transition 
metal  ions  with  the  ligands  leads  to  a removal  of  the  degeneracy,  and  the  five  (/-orbitals 
of  identical  energy  become  split  into  sets  of  different  energies.  This  is  a consequence  of 
the  geometry  of  the  (/-orbitals,  of  which  some  can  be  approached  closer  by  ligands  than 
others.  In  the  ease  of  octahedral  symmetry,  two  sets  of  energy  levels  an:  formed  and 
the  distance  between  these  is  designated  10  Dq  or  A.  One  of  the  new  energy  levels  is  of 
lower  energy  than  the  hypothetical  non-split  level.  Therefore,  placing  of  electrons  into 
the  lower  energy  level  leads  to  an  increase  of  the  stability  which  is  known  under  the 
term  “crystal  field  stabilixution  energy."  In  going  from  left  to  right  in  the  first  long  pe- 
riod of  the  |tcriodic  table  of  elements,  one  secs  that  the  crystal  field  slubilixulion  energy 
incrcusct  from  xero  at  (/*  (Ti4+ ) to  a maximum  at  (/*  (f’r** ) and  fulls  to  xero  ul  J1  (Mn,+ 
or  Fe"  ),  Then,  the  crystal  Held  stabilixution  energy  increases  aguin  und  reaches  another 
muximnm  ul  (/*  (Ni,+ ) after  which  it  falls  again  to  reach  xero  at  (/l#  (Zn,+ ).  The  same 
twin  peak  was  found  when  comparing  properties  of  transition  metal  compounds  such  as 
lattice  energies,  heals  of  hydration,  or  stuhilily  constants.  It  turned  out  that  these 
trends  in  transition  mctul  compound  properties  could  Is*  i rpreled  by  considering  the 
crystal  field  stabilixution  energies. 

Dowden  and  Wells"  recognised  that  an  unulogous  activity  puttern  (twin  peak)  ex- 
isted for  catalytic  reactions  on  surfaces  of  transition  mctul  compounds  und  suggested 
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that  the  crystal  field  stabilization  energy  may  be  a significant  factor  in  chemisorption 
and  catalysis,  They  pointed  out  that  the  transition  metal  ions  which  arc  at  the  surface 
of  a solid  do  not  have  their  energetically  most  favorable  coordination,  When  chemi- 
sorption occurs,  the  coordination  shell  becomes  completed.  This  leads  to  a gain  in  en- 
ergy which  will  be  greatest  where  the  crystal  field  stabilisation  energy  is  greatest,  Con- 
sidering chemisorption  as  a form  of  coordination  change,  the  energetics  of  chemisorp- 
tion could  be  estimated  using  the  known  crystal  field  stabilisation  energies.  For  a (100) 
plane,  ehemisorption  amounts  lo  a coordination  change  from  square  pyramidal  to  octa- 
hedral; for  u (1 10)  plane,  to  a change  from  tetrahedral  to  oetahedral;  and  for  a (1 1 1) 
plane,  to  a change  from  trigonal  to  octahedral.  Consequently,  the  gain  in  crystal  field 
stabilization  energy  when  oxygen  is  adsorbed  on  a d%  system  such  as  NiO  is  2 Dq  (4.6 
Kcul  mole'1 ) on  a (100)  plane,  8.4  Dq  (19  Real  mole*1 ) on  a (1 10)  plane,  and  1.1  Dq 
(2.5  Real  mole'1 ) on  u ( 1 1 1 ) plane. 

The  eryslal  field  considerations  provided  a theoretical  foundation  for  expecting 
different  catalytic  activity  for  different  crystal  faces  (geometric  factor  in  catalysis),  It 
also  became  more  understood  that  geometric  and  electronic  factors  can  ultimately  not 
1st  separated  because  crystal  geometry  depends  on  the  arrangement  of  orbituls  in  the 
atoms.  Hy  applying  the  erystul  field  theory,  attention  wus  directed  to  individual  surface 
atoms  rather  than  to  the  collective  electronic  properties  of  solids.  The  efforts  to  Inter- 
pret ehemisorption  and  catalysis  with  the  crystal  field  theory  considerably  stimulated 
research  in  catalysis.  However,  it  wus  soon  realized  that  the  contribution  of  the  erystul 
field  stabilization  energies  to  the  overall  energy  chungcs  is  relatively  smull  when  changes 
in  the  valency  slate  of  catalyst  cations  are  occurring  during  the  catalytic  process. 17 

2.  Formation  of  Surface  Compounds  ai  Intermediates.  In  the  1950's,  hopes 
were  high  that  cutulysis  could  be  interpreted  in  terms  of  the  electronic  properties  of 
solids.  Much  work  wus  done  within  this  framework,  hut  it  became  increasingly  appar- 
ent that  more  emphasis  must  he  placed  on  the  properties  of  individual  atoms  and  com- 
plexes at  the  surfucc  than  on  collective  electronic  properties  of  solids.  As  a consequence 
of  this,  u renaissance  of  interest  in  the  purely  eliemieal  aspects  of  cutulysis  ensued.  More 
advanced  leehniqiies  and  the  deepened  understanding  of  the  problems  provided  a better 
busis  for  this  upproueh  than  in  curlier  times.  The  application  of  crystal  field  theory  to 
problems  in  catalysis  wus  un  important  step  in  this  direction.  Strong  impetus  cumc  from 
the  Dutch  school  of  catalysis  which  ircsscd  that  regularities  in  cutulysis  should  la1  relat- 
ed to  regularities  in  the  general  field  of  chemistry. 

The  work  of  Fuhrenfort.  Vun  Keijen,  and  Saehller11  on  the  decomposition  of  for- 
mic acid  oil  inclul  surfuirs  received  considerable  attention.  These  authors  found  Ihut 
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(lie  curve  representing  the  catulylie  activity  of  metals  us  a function  ul'  die  Ileal  of  for- 
mation of  the  respective  metal  formate*  hus  a maximum  for  metals  whose  formates 
huve  intermediate  vulues  of  the  heat  of  formation  (so-called  volcano  curve).  It  was 
concluded  that  metal  formats  are  intermediates  in  the  decomposition  of  formic  uciil  on 
inctul  surfaces  and  that  the  metals  wliieli  form  moderately  strong  bonds  with  the  for- 
mate group  (intermediate  heat  of  formation)  are  the  best  cutulysis.  These  conclusions 
gained  strong  support  from  iufrured  investigations  which  indicated  that  formates  were 
actually  formed  on  the  surface  of  metal  catalysts.  Kinetic  work  led  to  u heller  under- 
standing of  (lie  facts  which  give  rise  to  the  volcano  relationship  in  formic  acid  decom- 
position on  mctuls.  On  lion-noble  metals  such  as  iron,  cobalt,  or  nickel,  whose  formates 
have  relatively  high  Itculs  of  formation,  mo-order  kinetics  and  relatively  high  uctivation 
energies  und  frequency  factors  were  found.  This  indicates  that  the  surface  is  fully  cov- 
ered and  that  the  relatively  high  strength  of  the  metal-formate  bonds  limits  the  overall 
rate  to  the  rate  of  the  surface  formate  decomposition.  On  noble  metals  such  as  gold, 
where  tin*  heat  of  formation  of  formutes  is  low,  the  rate  is  limited  by  the  adsorption 
step  in  which  the  surface  formate  is  formed-a  reaction  which  hus  a very  low  frequency 
factor.  The  formates  of  the  platinum  metals  have  intermediate  bond  strengths  and  con- 
sequently these  metals  are  the  most  active  catalysts,  i.c.,  these  metals  urc  on  the  top  of 
the  volcano-shaped  curve.  All  these  results  show  the  wisdom  in  Sahuthier's  original  sug- 
gestion that  heterogeneous  cutulysis  functions  through  intermediate  compound  forma- 
tion.'* However,  the  modem  view  of  an  adsorption  surface  complex  is  not  exactly  the 
same  us  Su  lull  bier's. 

It  must  lie  suid  here  tliut  the  purely  ehemieul  upprouch  In  cutulysis  hus  hern  pur- 
sued throughout  the  years,  A notable  contributor  to  this  field  was  Balandin’’  91  who 
stressed  the  importance  of  bond  length  und  bond  strength  (Buluudin's  principles  of 
structure  and  energy  correspondence)  und  generated  the  ideus  which  are  known  as  vol- 
cano relationship  or  volcano  curve  This  subject  will  lie  briefly  discussed  here:  Bulun- 
diu  unalym)  the  relationship  between  the  adsorption  potential  q (defined  us  the  sum  of 
the  udsorption  energies  of  ull  reuetunts)  und  the  energy  of  formation  K*  und  the  energy 
of  decomposition  K"  of  the  intermediate  surfucc  complex.  E'und  K"  were  expressed  us 
the  sum  of  the  energies  of  all  formed  und  broken  bonds.  The  graphic  representations 
of  K*  und  E”  us  a function  of  the  udsorption  potential  urc  struighl  lines  which  intercept 
ut  u point  where  q is  one  half  of  the  energies  of  the  involv-  ■(  bonds,  i.c„  the  average  of 
the  energies  of  the  broken  und  newly  formed  bonds.  (This  constitutes  Balandin's  energy 
correspondence  principle.)  To  the  left  of  the  resulting  muximum,  the  rales  are  limited 
by  the  energies  of  formation  of  the  intermediate  complex,  to  the  right  of  the  muximum, 

B,P.  Sabalhirr,  “ t.a  Catalyse  an  Cltemlr  Or»inlqui'."  I.lbrairlr  Pulylrrhnlt|Ut',  Paris  ( 1013). 

WA.  A,  Balandin,  phyn.  Chcm,,  L3JL  *89  (19119):  Advance*  In  Catalysis  12,  I (1069). 

A.  A.  Hilindln,  Advances  In  Catalysis,  10,  96.(1938);  “Catalysis  and  Chemical  Klnellc*,"  Arad.  Pm*,  lm„  New 

Yuli  (1 964);  Advanrr-K  in  Catalyals,  i^Tf  (1969) 


l<) 


fl 

f 


by  llir  energies  of  decomposition  of  lh<*  intermediate  complex.  At  the  maximum,  the 
energies  of  formation  and  decomposition  arc  equal  and  optimum  catalytic  rules  cun  lie 
expected  (volcano  curve),  loir  endothermic  reactions,  a sharp  maximum  is  indicated 
by  the  theory,  For  exothermic  reuetions,  the  adsorption  potential  of  the  most  active 
eutulyst  may  differ  from  the  adsorption  potential  ut  the  point  of  intersection  of  the 
F'  and  K"  lines  hut  hy  not  more  Hum  one  half  of  the  heal  of  reaction.  Balandin's 
considerations  are  based  also  on  a seiuieinpirieal  linear  relationship  between  the 
energies  of  formation  and  decomposition  of  the  intermediate  complex  and  the 
activation  energy,  This  semiempirieal  relationship  is  the  reason  for  some  criticism 
of  Itulundin's  work. 

3.  Concepts  in  Heterogeneous  Catalytic  Oxidation. 

a.  Reduction-Oxidation  Mechanism.  As  curly  us  1936,  Sohenek,”  und 
later  Rienileker,**  correlated  the  catalytic  activity  of  oxides  for  oxidulion  reuetions 
with  AIIm.(i  , the  energy  neeessury  to  remove  one  mole  of  oxygen  from  the  oxide  sur- 
face. In  the  1960’s,  several  groups  of  investigators  devoted  considerable  effort  to  this 
subject  which  will  he  discussed  in  the  following  paragraphs. 

Sachtler  und  DeBoer*4  investigated  the  oxidulion  of  propylene  to  uerolein  and 
found  that  the  cutulytic  activity  of  eight  different  oxides  could  !>c  correlated  with  their 
reduc.ibilities  by  hydrogen.  These  results  indicated  thut,  in  oxidution  reactions  on  met- 
ul  oxides,  oxygen  is  removed  from  the  oxide  surface  by  the  molecules  which  are  oxi- 
dized und  then  resupplied  from  the  gas  phase.  Using  rudiouctivc  labeled  propylene, 
Sachtler  und  DeBoer  also  showed  that  propylene  is  udsorls'd  dissoeiutively  by  splitting 
off  one  hydrogen  atom  from  the  methyl  group  und  forming  an  adsorbed  symmetric 
ir-bonded  ullyl  group.  The  formation  of  this  intermediate  surface  complex  wus  ob- 
served also  by  Adums.’8  **  In  a more  recent  work,  Suchtlcr  el  «i.*7  studied  the  oxidu- 
tion of  bcnzuldchydc  to  benzoic  ueid  on  MnOj , VjO* . and  VjOj-SnOj  as  ealulysts. 
Oxygen  tensions  of  these  oxides  as  a function  of  temperature  were  determined,  and  the 
free  energy,  enthalpy,  and  entropy  of  the  oxygen  releuse  were  culculutcd.  The  results 
showed  lliut  the  free  energy  of  oxygen  release  und  the  cutulytic  activity  are  inversely 
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related.  Thr  increased  catalytic  activity  of  V2()s-Sn()j  an  compared  to  V 2 ()s  (pro- 
motor action  of  SiiOj  which  is  very  little  active  itself)  could  also  he  rationalized  in 
these  terms,  since  the  free  energy  of  oxygen  release  was  found  to  he  lower  when  SiiOj 
was  present.  Tint  increased  catalytic  activity  of  oxide  mixtures  had  already  been  ob- 
served in  1852  by  Wohler®*  and  correctly  interpreted  in  the  1930’s  and  1940’s  by 
Schenck  cl  ul„"  and  Hut  tig  el  nl. 100  Electron  spin  resonance  work  of  Sachller  el  al. 
indicated  that  the  lower  fret;  energy  for  oxygen  release  of  VjOg-Snf^  as  compared  to 
VjOj  is  probably  due  to  the  formation  of  V4+  ions  which  dissolve  in  the  Sn()2  lattice, 
occupying  tin  sites.  Saddler's  main  conclusion,  that  oxygen  is  taken  from  thr  oxide 
and  resupplied  from  the  gas  phase,  wan  supported  by  infrared  studies  which  showed 
that  the  bcnzuldehyde  is  utf  sorbed  dissociutivcly  on  oxygen  sites  of  the  oxide  surface 
whereby  a benzoate- type  surface  complex  is  formed.  Infrared  work  by  Fuhrcnfort  and 
Ktil101  provided  information  on  the  type  of  oxygen  ions  thul  art;  most  likely  of  domi- 
nant importance  in  the  bcnzuldehyde  oxidation  on  Va0s.  Before  going  further,  (lit; 
structure  of  VaOs  must  be  discussed.  According  to  Buchmann  el  al,,m  the  lattice  of 
Vj()s  consists  of  warped  luyers  consisting  of  the  vanadium  ions  und  four-fifths  of  the 
oxygen  ions,  while  one-fifth  of  the  oxygen  ions  are  located  between  these  layers.  The 
latter  oxygen  ions  have  only  one  vanudiurn  ion  in  euch  layer  as  neur  neighbors.  On  the 
surface,  these  oxygen  ions  cun  be  considered  to  be  coordinated  to  only  one  vanadium 
ion.  Now,  let  us  return  to  Kuhrcnfort's  reflection  infrared  work.  Ilis  spectra  showed 
thul  the  udsorption  of  bcnzuldehyde  affects  the  height  of  the  peuk  which  is  attributed 
to  the  V-0  stretching  vibration  of  the  singly  coordinated  oxygen  ions  hut  not  the  height 
of  the  peuk  which  is  attributed  to  the  stretching  vi  brut  ion  of  the  V-0  bonds  in  the  layers. 
Consequently,  it  could  be  concluded  (hut  the  singly  coordinated  oxygen  ions  arc  the 
cutulytically  active  sites. 


Investigations  by  Sacbtler  el  al. 103  indicated  that  tlu;  selectivity  of  oxide  catalysts 
for  partial  oxidation  of  hydrocarbons  or  total  oxidation  of  hydrocarbons  to  carbon  di- 
oxide und  water  is  influenced  by  the  thermodynamics  of  the  oxygen  rclcusc  from  the 

gA|. 

oxides.  They  found  that  on  oxides  with  a high  grudienl  — — (All  = enthalp)  of  oxygen 
release;  x = degree  of  reduction  due  to  oxygen  release),  partial  oxidation  is  favored,  but 

x i II  x a ■ ■ 

on  oxides  with  u low  gradient  — — , total  oxidation.  A high  gradient  of  implies  thul 

%.  Wohler,  Liebigs  Ann.  Chcm.,JU.  255  (1S52). 
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th«*  successive  removal  of  a second  or  third  oxygen  atom  from  the  same  site  requires 
considerably  more  energy  than  the  removal  of  the  first  oxygen  atom.  Consequently, 
partial  oxidation  is  favored  on  catalysts  with  a high  gradient.  These  considerations 


improved  the  understanding  of  selectivity.  Prior  to  this,  only  the  metal-oxygen  bond 
strengths  were  considered  to  be  important.  It  was  suggested  that  catalysts  having  low 
oxygen-metal  bond  strengths  facilitate  total  oxidation  of  hydrocarbons  to  C0a  and 
II]  0 while  catalysts  with  higher  oxygon-metai  bond  strength  catalyze  selective  oxida- 
tion to  partially  oxidized  products.104  104 


Borcskov  and  eo workers100’1^  conducted  extensive  investigations  on  oxygen  iso- 
tope exchange  reactions  and  catalytic  oxidation  reactions  on  metal  oxide  surfaces.  They 
found  that  on  oxides  which  had  been  heat  treuted  in  an  oxygen  atmosphere,  i.e.,  on 
those  containing  the  equilibrium  amount  of  oxygen,  very  similar  rutes,  activation  ener- 
gies, and  reaction  orders  were  always  obtained  for  the  homomolecular  exchange 
(Oj4  + Oj8  -*  2 O'4  014)  and  the  hcteromolecular  oxchunge  (Oj*  + OJ4^  -*■  0“  O'*  + 
Ojurfacf).  This  result  indicated  that  oxide  oxygen  participates  in  catalytic  reactions.  Con- 
sequently, breaking  of  the  metal-oxygen  bond  must  take  place,  and  the  strength  of  this 
bond  will  affect  the  catalytic  reaction.  In  accordance  with  (his,  Borcskov104  was  able  to 
correlate  the  heats  of  formation  of  oxidcH  with  their  cutulytic  activity  for  oxidation.  In 
a more  recent  paper,  Burenkov110  presented  work  in  which  a more  direct  measure  of  the 
mctul-oxygcn  bond  strength  was  obtained,  namely  the  heats  of  oxygen  desorption  which 
were  determined  by  measuring  the  oxygen  pressure  of  the  oxides  at  different  tempera- 
tures. The  results  showed  that  the  activation  energies  for  the  isotopic  oxygen  rxehange 
reunion  as  well  us  for  oxidation  of  hydrogen  and  methane  increased  with  increasing  oxy- 
gen desorption  energies  of  the  oxide  catalysts,  all  of  which  indieutes  that  the  breaking 
of  the  metal-oxygen  bond  of  the  oxide  catulyst  is  important  in  the  rutc-limiting  step  of 
the  above  reactions.  The  following  sequence  of  increasing  oxygen  desorption  energy 
und  decreasing  catalytic  activity  wus  found:  C03O4  >CuO>  Ni<)>  MiiOj  >Cr}Oj  > 
l'Vj  Oj  > ZnO  > V j Oj  > TiOj . The  catalytic  activity  of  plutinum,  whose  surface  in 
oxidution  reactions  is  covered  with  oxygen,  was  found  near  that  of  C03O4 . 

,0V  M.  H.  Sachtler and  N,  It.  DeBoer,  Pruc.  3rd  International  Congress on Calalyaii,  Vol.  I,  p.  252,  North-Hollund 
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Borcskov111  observed  ulso  that  oxides  which  were  not  oquilibrized  by  a heat  treat- 
ment  in  an  oxygen  atmosphere  but  heated  in  vacuum  behaved  differently.  They  dis- 
played high  initial  activities  even  at  comparatively  low  temperatures,  but  this  activity 
was  unstable  and  was  lost  upon  heating  in  oxygen.  The  catalytic  activity  of  oxides 
which  were  heat  treated  in  vacuum  was  studied  in  considerable  detail  by  Teichner  and 
coworkers113  and  others  and  will  be  discussed  in  a later  section. 


The  role  of  the  metal-oxygen  bond  strength  of  oxide  catalysts  was  stressed  also  by 
Moro-oka  si  al. 113  114  These  investigators  studied  the  catalytic  oxidation  of  hydrocar- 
bons on  surfaces  of  metal  oxides  and  some  noble  metals  and  related  the  observed  rates 
and  reaction  orders  to  a quantity  (AHJ  which  is  defined  as  the  heat  of  formation  of 
the  catalyst  metal  oxide  divided  by  the  number  of  oxygen  at^ms  in  the  oxide  molecule. 
The  larger  the  AH0,  which  signifies  the  metal-oxygen  bond  strength,  the  smaller  was  the 
activity  of  the  catalyst  and  the  higher  was  the  reaction  order  with  regard  to  hydrocar- 
bon. Catalysts  with  low  AH0  values  atich  as  platinum  and  palladium  are  characterised 
by  negative  orders  in  hydrocarbon  and  nearly  first  orders  in  oxygen.  This  was  interpret- 
ed as  an  indication  that  the  surface  is  fully  covered  with  hydrocarbons,  and  the  alow 
step  of  the  oxidation  reaction  Is  the  adsorption  of  oxygen.  For  catalyBts  with  medium 
AH0  values,  such  as  C<>j04  or  Fe303,  nearly  zero  orders  in  hydrocurbon  and  nearly 
one-half  orders  in  oxygen  were  found.  It  was  concluded  that  both  reactants  occupy 
the  surface  and  that  the  surface  reaction  is  the  slow  step.  Catalysts  with  high  All0 
values  are  characterised  by  first-order  kinetics  in  hydrocarbon  and  zero-order  kinetics 
in  oxygen  which  indicates  that  the  surface  Is  fully  covered  by  oxygen.  The  slow  step 
on  this  type  of  catalyst  would  bn  either  the  hydrocarbon  udsorption  or  the  surface  re- 
action. Consistent  with  these  views  is  that  in  competitive  reactions,  where  different 
hydrocarbons  arc  present,  some  hydrocarbons  inhibit  the  oxidation  of  other  hydro- 
carbons on  catalysts  with  low  and  medium  AHa  values.  On  catalysts  with  high  AHU 
values,  no  inhibiting  effects  of  hydrocarbons  were  found.  The  sequence  of  hydrocarbon 
adsorption  strength  was  found  to  be  iso-C4  llg  > C2 11 3 > Cs  ll6  > C3  H4  > Cj  ll„  which 
is  the  reverse  of  the  reaction  order  und  reactivity  sequence, 


It  may  he  useful  to  discuss  also  the  work  of  Roilcr  ct  al.  und  Colodelz  ot  at. lW  1,4 
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Like  Balandin,  Boreskov,  and  other  Russian  workers,  Roiter  At  al,  used  the  Bronstcd 
equation  (k  = gK")  to  relate  thermodynamics  and  kinetics  (k  is  the  rate  constant,  K the 
equilibrium  constant,  and  g and  a are  constants).  Basically,  the  same  is  done  in  the 
linear  free  energy  correlations  which  are  widely  used  in  organic  chemistry  and  which 
were  applied  also  in  the  field  of  heterogeneous  catalysis. >n  Correlations  of  this  kind 
are  made  to  compare  similar  reactions  of  structurally  cloaely  related  compounds  in 
which  case  the  constants  g and  a do  not  change  appreciably,  thus  permitting  comparisons, 
Using  the  Brdnsted  equation  and  the  axiom  that  highest  catalytic  activity  is  to  be  expect* 
ed  where  the  rate  constant  kt  of  the  catalyst  binding  process  (formation  of  the  interme- 
diate) and  the  rate  constant  k,  of  the  catalyst  liberation  process  (decomposition  of  the 
intermediate)  are  equal,  Roiter  el  ai.  deduced  that  for  the  optimum  catalyst  the  free  en- 
ergy of  the  intermediate  complex  formation  must  be  one-half  of  the  overall  free  energy 
change  ( (AF,  )oft  = AF/2).  For  many  reactions,  the  entropy  changes  will  be  small. 
Consequently,  for  the  optimum  catalyst,  the  heat  of  formation  of  the  intermediate  com- 
plex will  be  one-half  of  the  overall  heat  of  reaction  as  well  ( (qt  )apla<  Q/2).  It  is  obvious 
that  these  considerations  constitute  a derivation  of  the  volcano  relationship.  Roiter  et  al, 
made  it  very  clear  that  thermodynamics  can  only  be  expected  to  predict  the  relative 
catalytic  activities  of  groups  of  closely  related  catalysts.  Predictions  of  absolute  cata- 
lytic activities  and  of  relative  activities  of  different  classes  of  catalyst  are  impossible, 

The  plots  of  catalytic  activities  of  metal  oxides  versus  the  2 values  show  that  for  cata- 


lytic oxidation  of  hydrogen  or  propane,  Co)04  is  near  the  top  of  the  volcano  curve, 
MnOa  and  NIO  slightly  left  of  It,  and  CuO  slightly  right  of  it.  With  further  increasing 

5 values,  the  catalytic  activities  fall  in  the  sequence  Fua  03 , ZnO,  and  TiOj . The  rates 

m 

of  the  catalytic  oxidation  of  hydrogen  or  hydrocarbons  on  metals  sueh  as  Pt,  Pd,  and 
Rh  are  reported  by  Roiter  el  al,  to  be  orders  of  magnitudes  higher  than  the  rates  on  ox- 
ides having  the  same  2 value,  This  exemplifies  that  activities  of  different  groups  of  cut- 

m 


ulysts  cannot  be  predicted.  The  higher  rates  with  these  metals  us  catalysts  us  rompured 
to  the  oxides  are  attributed  to  another  capacity  for  hydrogen  activation. 


Roiter  et  ai.  also  analysed  the  factors  affecting  the  reactivities  of  different  hydro- 
carbons In  oxidation  on  one  catalyst.  For  this  ease,  they  suggested  that  tin-  nature  of 
the  molecule  will  influence  only  ka , the  rate  of  decomposition  of  the  intermediate 
complex.  If  this  step  is  rate  determining  for  all  reactions  compared,  the  differences  in 
oxidution  rules  for  various  hydrocarbon*  will  be.  only  due  lo  differences  in  ka  und  the 
relative  reactivities  will  be  muinly  determined  by  qa , i.c.,  the  heat  of  decomposition  of 
the  intermediate  complex.  Since  reactions  on  one  euialyst  are  considered  here,  the 
c.utu)yMt-oxygcn  bond  energy  is  constant.  The  curbon-oxygen  bond  energies  are 

* '^M,  Krsun,  Advtncfh  In  CiUlyilt,  12,  78  (1967). 


24 


considered  to  be  essentially  constant  mid,  consequently,  it  was  proposed  that  the  re- 
activities  of  different  hydrocurboti*  will  depend  inainly  on  the  strength  of  the  weukest 
curbou-carbon  bond,  the  attack  of  which  by  oxygen  appears  to  be  often  the  rate- 
determining  step.  (experimental  data  support  the  predicted  relationship  between  the 
carbon -carbon  bond  strength  and  the  reactivity  for  oxidation. IN  Also,  the  hydrocarbon 
reactivity  sequence  which  was  found  by  Moro-oka11*  appears  to  agree  with  the  theoret- 
ical reactivity  sequence  of  Roiter  et  til. 

lire  widely  discussed  relationship  between  eutulytic  activity  of  oxides  and  the  en- 
ergy of  the  rhctal-uxygen  bond  prompted  KiierM  to  attempt  a theoretical  calculation 
of  these  bund  energies,  lie  defined  the  standard  enthalpy  All9  of  the  reaction 

A Mc„Oy  + A Oj  -»  A-  MexOy4ri  us  the  metul-oxygni  bond  energy  and  showed  that 

the  (icriodic  variation  of  All9  in  5 id  oxides  depends  mainly  on  the  variation  of  the  ioni- 
zation potentials  of  the  metal  corrected  by  the  smaller  but  not  negligible  contributions 
of  the  crystal  field  stabilization  energies.  This  is  also  true  for  the  variation  in  the  enthal- 
pies of  oxygen  chemisorption.  Far  redox  reactions  such  as  MeO  **  McjO* , the  third 
ionisation  potential  was  considered. 

Idler  pointed  out  that  the  trends  in  AH9  values  parallel  the  trends  in  the  standard 
free  energy  values  AF°,  i.c.,  the  oxidation -reduction  potentials  of  the  redox  couples 
MexOy/McxOy4n.  Thus,  Ihe  oxidation-reduction  potentials  of  oxides  are  determined 
by  the  binding  energy  of  oxygen,  i.e.,  the  M-0  bond  strength.  The  plot  of  AF°  versus 
ealalytie  activity  results  in  the  often  discussed  volcano  shaped  curves  with  the  couples 
CojfVCoO.CujO/CuO.und  Mn()i/Mn,03  near  Ihe  maximum.  At  high  AF°  values 
(TijOj/TiOj , /iii/ZnO)  energy  effects  dominate.  The  rates  are  small  because  the  high 
metal-oxygen  bond  energies  cause  the  activation  energies  to  he  high.  At  low  AF° 
values,  concentration  effects  dominate.  In  this  ease,  the  oxygen  is  weakly  bound  and 
reactive  which  will  leud  to  a low  coimcntratinn  of  oxidized  sites,  and  the  catalytic  activ- 
ity will  he  limits'll  iiy  depletion  of  oxidized  sites.  The  data  indicated  that  this  is  the 
ease  with  0)0). 

The  importance  of  the  M-0  bond  strength  in  oxidution  catalysis,  i.e..  the  catalyst 
oxidation-reduction  mechanism,  was  confirmed  in  u very  Instructive  way  by  Kciilks.111 
The  oxidation  of  propcnc  on  bismuth  molybdutc  wus  studied  using  isotopicully  labeled 
oxygen  (MOj).  Only  2.0  to  2.5  percent  of  *()j  was  found  in  the  ucrolcin  formed. 

This  result  showed  that  only  the  catalyst  oxide  ions  participate  In  the  reaction  and  that 

A.  Arcommo,  K.  Nabc.lnd,  K.n*.  Chrm.  Prou.  Dm,  Drv.,4,  423(1965). 
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the  diffusion  of  oxide  ions  from  (lie  surface  into  th«*  hoik  und  from  Imlk  to  the  surface 
muHt  lx*  rapid.  Them'  experiment*  uIho  indicated  that  the  adsorption  of  the  oxygen  oc- 
cur* on  some  portion  of  the  catalyst  other  than  the  site  for  propcnc  adsorption.  Simi- 
lar experiments  were  carried  out  hy  Wrugg,  e<  «/.,'**  und  their  results  uud  conclusions 
are  in  excellent  agreement  with  the  work  of  Keulks.  These  result*  were  to  Is1  expected 
on  the  hast*  of  the  work  of  Scliuit  and  coworker*,M  1,4  who  showed  that  the  initial 
rules  of  the  oxidation  of  1 -butene  to  butadiene  were  virtually  independent  of  the  pres- 
ence of  oxygen  in  (lie  gus-phusc  und  concluded  tltul  the  oxidising  species  were  the  oxy- 
gen ions  of  the  catalyst.  The  ga*-phuxc  oxygen  merely  replenishes  the  anion  vacancies 
created  hy  the  reduction  of  the  eatulyst  surface.  This  work  will  be  discussed  in  more 
detail  in  the  following  section. 

b.  Some  Reaulti  Suggesting  the  Involvement  of  A door  bed  Diatomic  Oxygen 
in  Catalytic  Oxidation.  The  work  of  Schuit  and  coworkers,  briefly  mentioned  above, 
provided  convincing  evidence  for  the  cutulyst  rcduelion-rcoxidutlon  mechanism  hut  in 
uddition  indicated  that  udsorlx'd  diatomic  oxygen  s|xa:ies  inuy  be  important  in  cutulytic 
oxidution  reactions  on  some  catalysts.  These  uothors  studied  (lie  oxidation  I -butene 
on  various  oxide  cululysls  whereby  guseou*  oxygen  was  excluded.  Confirming  the 
cutulyst  rcduction-rcoxidution  mechanism,  they  showed  that  (tie  cululysls  were  pur- 
tiully  reduced  and  at  the  same  time  the  I -butene  wus  oxidised  to  the  same  products 
us  in  the  usual  catulylic  oxidution  in  which  gaseous  oxygen  is  present.  The  eutulytic  ac- 
tivities of  the  oxides  could  he  eorreluted  with  a quantity  which  is  the  heal  of  disso- 
ciation of  1/2  mole  of  oxygen  from  the  oxide  surface  whereby  reduction  to  the  next 
lower  oxidation  slate  was  considered.  These  Qu  values  ure  a measure  of  the  metal- 
oxygen  bond  strength  of  the  eutalysts.  Oxides  with  small  Q0  value  such  as  for  instunce 
MnOj  caluly/.c  the  complete  oxidution  of  the  I -butene  to  carbon  dioxide  und  wutcr  at 
relatively  low  temperuture*.  At  intermediate  Q()  values  (Kca Oa),  maximum  selectivity 
for  conversion  to  butadiene  was  observed.  On  oxides  with  high  Q„  values  (SnOj . Ti()a , 
ZnO),  oxidution  wus  slow  and  jsomcrixuliun  ik  plat  e. 

When  the  oxide  surfaces  which  were  reduced  by  the  interaction  with  I -butene 
were  reoxidixed  by  admission  of  guseous  oxygen,  an  interesting  phenomenon  wus  dis- 
covered. Sorfuees  of  oxides  with  low  or  medium  returned  to  their  initial  oxidising 
capability,  but  oxides  with  a high  Q„  vuluc  became  more  oxidising  than  initially.  Scholl 
und  coworkers  proposed  that  this  increased  oxidution  capacity  is  due  to  surface  perox- 
ides. This  seems  a reasonable  suggestion  since  sevcrul  groups  of  investigators  found  evi- 
dence for  peroxide  or  superoxide  type  species  on  oxides  such  us  TiOj . ZnO.  and 

1 J2K.  »,  Wrung,  P.  C.  AnJimorr,  and  J.  A.  Hockey,  J,  CaUlytla,  49  ( 1971 ), 
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SiiOj  .,13'130  lluuffe131  dcnerihcd  llir  ehcminorplion  of  oxygen  on  /n()  und  suggested 
Hull  llir  first  hI«*|>  if"  lli«*  roriinilion  of  u nuperoxide  ion.  Hurwcll133  135  visuutixed  tin* 
initial  chemisorption  of  oxygen  molecules  on  chroiniu  lo  Inkr  place  according  to  tin* 
reaction  <!rjV  + Oj  -*■  Oj . Iti  thin  scheme,  (Jr3*  stands  for  u coordinutivcly  unnut- 
united  surface  chromium  (III)  ion,  Timm*  cxumplennhow  thut  (hr  occurrence  of  surface 
nuperoxidcs  and  peroxides  during  oxygen  adsorption  on  oxides  seems  not  lo  In*  dispot- 
•'d.  Tin1  question  in  whether  these  surface  peroxides  do  I'um'lion  uh  hydrncurhnn  oxidix- 
ii.g  *|tccics  or  whether  they  arc  only  inlcnncdiulcH  in  the  reduction  of  oxygen  molecules 
lo  oxide  inns.  Sueliller,134  one  of  (lie  main  propotienlH  of  the  catalyst  rcductinn-rcoxi- 
da  I ion  mcchimism.  believes  that  there  iHenou}{li  evidence  to  show  tliut  only  the  oxygen 
ions  are  the  oxidising  s|x  l ien.  However,  the  observation  of  Selmit  und  coworkers  that 
the  oxidixing  eupuhility  of  the  high  Q„  oxides  in  greater  after  reoxidution  thun  initially 
indicates  thut  surface  peroxides  may  he  imporlunt  in  eatulytic  oxidation.131  Sehuit  cl  at. 
interpreted  these  experimental  results  an  follows:  If  the  Q„  value  (M-0  ImiiiiI  strength  of 
the  catalyst)  in  nmull,  the  mohility  of  the  oxygen  ions  may  lie  nufficicnt  even  ul  low  tem- 
peratures to  maintuin  a eonntant  and  flint  nopply  of  oxygen  ionn  to  the  udnorlicd  hydro* 
earhon  renulling  in  complete  oxidution.  On  oxide  cutulyntn  with  higtier  Q„  valuen,  the 
mohility  of  the  oxygen  ionn  will  he  deereuned  and.  therefore,  the  oxidution  will  occur 
only  at  higher  Icnipcruturcn  an  compared  with  the  nmull  cutulyntn,  The  average  real* 
ilenee  time  of  the  udnorlicd  hydroearhon  will  lie  reduced  ul  the  higher  temperature,  und 
the  chunccn  for  complete  oxidution  heroine  nmullcr  und  parliul  oxidation  will  occur.  On 
oxiden  which  have  high  (,)„  valuen.  the  reaction  of  adnorhed  hydroeurhonn  with  oxygen 
ionn  will  In'  nlow  hut  here  |iernxidc  or  nuperoxide  ionn  take  over  in  oxidution  cululysis. 
Telelmer  und  enwurkers13*  found  evidence  for  the  involvement  or  nuperoxide  ionn  in 
the  oxidution  of  hydroeurhonn  on  titanium  dioxide  cutulyntn  which  were  irrudiuted  with 
ultraviolet  light. 
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On  the  basin  of  general  principles  and  in  analogy  to  the  coordination  chemistry  of 
the  oxygen  molecule  in  solution,  DowdcnUT  had  previously  suggested  that  peroxide 
complexes  may  be  important  in  oxidation  reactions.  He  proposed  that  an  oxygen  mole- 
cule and  a hydrocarbon  molecule  may  become  coordinated  to  the  same  metal  ion  on 
the  oxide  surface.  Interaction  between  these  “ligands'*  may  then  lead  to  a rearrange* 
ment  in  which  the  oxygen  molecule  is  inserted  between  the  surface  metal  ion  and  the 
adsorbed  hydrocarbon,  thus  forming  an  adsorbed  hydrocarbon  peroxide,  Subsequent 
dehydration  will  lead  to  an  aldehyde.  Such  a mechanism  is  favored  also  by  Margolis11* 
who  strewed  the  importance  of  readily  occurring  rearrangements  (isomerixation)  of  the 
oxygen-hydrocarbon  complexes  on  the  catalyst  surface. 

In  a recent  paper,  Margolia1**  summarised  her  work  on  hydrocarbon  oxidation  and 
proposed  a mechanism  in  which  the  surface  oxygen  ions  of  oxide  catalysts  as  well  as  ad- 
sorbed diatomic  oxygen  have  essential  functions.  The  experimental  part  of  this  paper 
describes  the  oxidation  of  >4C  labeled  propene,  acrolein,  and  acetaldehyde  on  a bismuth 
oxido-molybdenum  oxide  catalyst.  The  oxidation  of  propene  led  to  the  formation  of 
acrolein,  acetaldehyde,  carbon  munoxide,  and  carbon  dioxide.  The  14 C distribution  in 
these  oxidation  products  indicated  that  the  reaction  proceeds  through  a symmetric  allyl 
type  surface  complex.  This  is  a confirmation  of  the  earlier  work  of  Sachtler,140  141 
Adams  and  Jennings,141  m and  of  Vogt*  el  at144  The  oxidation  of  l4C  labeled  alde- 
hydes, such  as  acrolein  or  acetaldehyde,  resulted  in  the  formation  of  formaldehyde,  car- 
bon monoxide,  and  carbon  dioxide.  The  ,4C  distribution  in  these  products  of  the  alde- 
hyde oxidation  showed  that  the  formaldehyde  stems  from  the  aldehyde  group  and  the 
carbon  oxidea  from  the  vinyl  or  methyl  group  respectively.  This  result  is  interesting  in 
conjunction  with  the  observation  of  other  investigators l4** 144  who  found  that  in 
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oxidation  of  cthcne  on  palladium  mime  partial  oxidation  to  acetaldehyde  and  acetic 
acid  occurs  and  that  this  partial  oxidution  and  the  ct.  nplclc  oxidation  arc  not  consccu- 
tive  but  parallel  reactions.  Apparently  neither  on  oxide  nor  on  metal  catalyata  does  the 
complete  oxidation  of  hydrocarbons  proceed  to  a significant  extent  over  aldehyde  and 
carboxyl  groups  as  intermediates.  Margolis14*  also  found  that  the  oxidation  rate  of  al> 
dehydes  which  have  a double  bond  is  considerably  smaller  thro  the  oxidation  rate  of 
aldehydes  without  a double  bond.  This  observation  led  to  the  speculation  that  saturat- 
ed aldehydes  are  bonded  to  the  catalyst  at  the  uarbonyl  bond  and  unsaturated  aldehydes 
at  the  double  bond  via  ir-bonding. 

Margolis  and  coworker*'10  111  found  that  preadsorption  of  oxygen  on  oxides  which 
catalytic  partial  propcnc  oxidation  results  in  higher  hydrocarbon  coverages.  On  the 
other  hand,  with  oxides  which  catalyse  the  complete  propene  oxidation,  preadsorption 
of  hydrocarbon  resulted  in  higher  oxygen  coverages.  These  findings  ean  be  understood 
on  the  basis  of  results,  obtained  in  electron  work  function  studies,  which  indicated  that 
different  oxygen-hydrocarbon  complexes  are  formed  on  catalysts  for  partial  and  com- 
plete oxidation  respectively.  The  oxygen-hydrocarbon  complexes  formed  on  catalysts 
for  partial  oxidation  contain  more  carbon  atoms  than  oxygen  atoms  and  have  a positive 
charge,  The  oxygen-hydrocarbon  complexes  formed  on  catalysts  which  fscilitntn  the 
complete  oxidation  of  hydrocarbons  consist  of  more  oxygen  atoms  than  carbon  atoms 
and  their  charge  is  negative.  Margolis'11  pointed  out  that  these  findings  may  be  useful 
for  understanding  why  electronegative  additives  such  as  sulfur,  phosphorus,  selenium, 
tellurium  oxides,  or  halides  increase  the  catalyst  selectivity  for  partial  oxidation.111  The 
electronegative  additives  may  reduce  the  oxygen  adsorption  and  hinder  the  formation 
of  the  negatively  charged  oxygen-rich  oxygen-hydrocarbon  complexes,  nil  of  which  will 
lead  tu  suppression  of  the  complete  oxidation. 

Higher  catalytic  activity  of  mixed  oxides  us  compared  to  individual  oxides  wus 
often  observed  (which  wus  previously  discussed  in  this  ehapter).  Smaller  energies  for 
oxygen  release'**  or  more  favorable  conditions  for  formation  of  union  vacancies'**  were 
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considered  as  explanations.  Margolis  and  coworkera  *'*  if7  studied  this  subject  with 
Mossbauer  spectroscopy.  The  spectra  indicated  that  on  tin  dioxide-molybdenum  tri- 
oxide catalysts  propene  becomes  bonded  via  oxygen  to  the  tin  ions  which  ia  accom- 
panied by  a decrease  of  the  valency  state  of  tin  from  four  to  two.  However,  on  pure 
tin  dioxide  chemisorption  of  propene  and  oxygen  brought  about  no  change  of  the 
Mdsabauer  spectrum.  Theae  results  prompted  Margolia  to  suggest  that,  upon  chemi- 
sorption of  propene  on  tin  dioxide-molybdenum  trioxide  catalysts,  electrons  are  trans- 
ferred from  the  molybdenum  ions  to  the  tin  ions.  Margolis  believes  that  electron  trans- 
fer between  neighboring  cations  is  generally  important  in  catalytic  oxidation  on  oxides 
and  that  a more  complicated  composition  of  the  oxide  catalyst  and  a greater  number 
of  components  would  make  such  electron  exchanges  easier. 

On  the  basis  of  these  experimental  results  and  using  the  findings  of  other  investi- 
gators, Margolis  proposed  a mechanism  of  the  propene  oxidation  on  tin  dioxide- 
molybdenum  trioxide  catalysts  which  is  speculative.  This  mechanism  will  be  sketched 
here  and  compared  to  a related  mechanism  proposed  by  Schuit  and  coworkera.11*  m 
The  first  step  in  the  mechanism  of  Margolis  is  the  dissociative  chemisorption  of  propene 
under  formation  of  a ir-allyl  intermediate  whereby  the  abstracted  hydrogen  bonds  to  a 
surface  oxygen  ion,  thus  forming  a hydroxide  ion.  At  the  same  time,  Mo(VI)  ions  are 
reduced  to  Mo(V)  ions.  So  far,  this  mechanism  is  similar  to  the  one  proposed  by  Schuit 
and  coworkera  for  the  oxidation  of  butene  to  butadiene  on  a bismuth  oxide-molybdenum 
oxide  catalyst  except  that  Schuit  believes  that  an  anion  vacancy  near  the  Mo(VI)  ion  is 
necessary.  In  Schuit's  mechanism,  the  next  step  is  an  interaction  of  the  molybdenum 
f V)-hydrocarbon  complex  with  another  surface  oxygen  ion  resulting  in  thu  formation 
of  butadiene,  a second  hydroxide  ion,  and  a Mo(IV)  ion.  This  is  followed  by  a reaction 
between  the  two  hydroxide  ions  to  yield  water  and  an  oxide  ion.  Oxygen  from  the  gas 
phase  will  reoxidixe  Mo(lV)  to  Mof  VI)  which  will  restore  the  original  state  of  the  cata- 
lyst. In  this  mechanism,  the  only  function  of  the  oxygen  molecules  is  the  rcoxidstion 
of  Mo(lV)  to  Mo(VI)  and  the  filling  of  the  oxygen  ion  vacancies  crested  by  the  hydro- 
carbon oxidation,  as  generally  assumed  in  the  catal/st  reduction-reoxidation  mechanism. 
Margolis,  however,  suggests  thut  oxygen  molecules  coordinate  to  the  Mo(V)  ions,  which 
were  formed  in  the  first  reaction  step,  in  u similar  way  as  observed  with  transition  metal 
ions  in  solution.  The  resulting  nxygcti-hydrncarbon-molybdrnum  (V)  complex  reacts 
with  u surface  oxide  ion  which  leads  to  the  abstraction  of  another  hydrogen  from  the 
hydroeurbon  and  the  formation  of  u second  surfuee  hydroxide  ion.  Finally,  the 
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nxygcu-hydrocurbon-molybdcnum  (V)  complex  interacts  with  Sn(IV)  lo  form  un  inter- 
nicdiutc  hinucleur  complex.  Decomposition  of  this  complex  Icuds  to  ucrolein  desorp- 
tion und  restoration  of  the  charges  on  the  cations. 

Recently  Schoit  und  coworkcrs141  ,#J  obtained  new  results  on  the  oxidation  of 
butene  on  the  bismuth  oxide-molybdenum  oxide  cutulysl  und  proposed  a modified 
mechanism.  This  mechunism  seems  well  supported  by  experimental  evidence.  In  this 
mcchunism,  diutomic  oxygen  is  not  involved  in  the  hydrocarbon  oxidation  except  for 
reoxidation  of  surface  sites,  i.c..  (Im*  reduction-oxidation  mcchunism  is  supported.  They 
studied  the  adsorption  of  butene,  butudiene.  water,  and  oxygen  us  a function  of  the  de- 
gree of  reduction  of  the  rutulysts  und  found  that  the  udsorption  of  hydrocurhons  de- 
creased with  increasing  reduction  i that  of  wuler  or  oxygen  was  mo  on  oxidised  cata- 
lysts and  incrcuscd  with  increasing  reduction.  Hie  results  of  the  udsorption  ex|tcrimcnls 
led  to  the  assumption  thut  there  are  two  different  kinds  of  udsorption  sites,  culled  A- 
und  B-sitcs.  which  are  believed  to  be  oxygen  ions  distinguished  by  their  crystullogruphic 
locution.  The  rale  of  eutulyst  reduction  depends  on  (A)  * (II)3.  In  the  proposed  mcch- 
unism, the  initiul  udsorption  of  the  butene  is  on  B-sites  by  o-ullvl  udsorption  which  is 
uccompuuicd  by  interuetion  of  the  obstructed  hydrogen  atom  with  another  B-sile  to 
form  u hydroxyl  group  us  well  us  by  the  reduction  of  a neighboring  Mo(VI)  ion  to 
Mo(IV).  The  ullyl  moves  then  to  u vucuncy  near  a bismuth  atom  leudlng  to  u bismuth- 
ullyl  entity  und  reoxidation  of  Mo(IV)  to  Mo(VI),  Interuetion  with  unolher  B-sile  re- 
sults in  the  abstraction  of  another  hydrogen  utom  and  butadiene  desorption,  The  re- 
oxidation of  the  surfucc  sturts  at  un  A-site.  The  suggestion  that  the  initiul  udsorption 
of  the  butene  is  on  an  oxygen  site  uppeurs  very  reasonable.  Adsorption  of  bcnauldchydc 
on  oxygen  sites  of  vunudium  pentoxldc  catulysts  was  conclusively  demonstrated  by 
Fuhrcnfort  e<  al.l4J  In  the  pro|>coc  oxidution  on  tin  oxidc-molyhdcuum  oxide  eutulysls, 
bonding  of  propenc  to  tin  Ions  via  oxygen  was  found  by  Margolin1*4  141  in  Mdssbuuer 
spectroscopy  work.  That  hydrocarbon  oxidution  und  oxygen  udsorption  take  place  ut 
different  locutions  could  be  concluded  ulso  by  Kculks1*4  on  the  basis  of  his  studies  with 
isotoplcully  luhclcd  oxygen. 

Summuriaing  the  discussions  on  heterogeneous  cutulytic  oxidution  presented  so 
fur,  it  cun  lx-  concluded  that  the  eutulyst  rcducliou-rcoxidulion  mechanism  is  well 
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«‘Htubli8h<‘d.,*‘T*18S  However,  oil  oxidi'H  having  high  M O bond  Ktirngthn,  whnro  the  oxi- 
dutioiiH  via  the  rediietion-reoxidution  meehanism  ure  slow,  diutomienlly  adsorbed  oxy- 
gen appears  to  become  important,144  Diatomic  oxygen  is  also  involved  in  heterogeneous- 
l>  catalysed  liquid  phase  oxidations  of  hydrocarbons, 141  “*  In  homogeneous  oxidation 
eutulysis,  oxygen  molecules  as  ligands  are  well  knuwn.  Recent  investigations147  144  in- 
dicate that  on  some  catalysts  water  plays  a role  us  oxydixing  species  in  a similar  way  as 
in  the  electrocalulytic  oxidations.  These  subjects  will  be  discussed  later. 
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c.  Some  Aapects  of  (he  Catalytic  Oxidation  on  Noble  Metal*.  Also  in  thin 
field,  there  in  some  dincunnion  whether  adsorbed  diatomic  oxygen  in  or  in  not  involved 
in  catalytic  oxidation  of  hydrocarbons  Several  groups  of  in  vent  igu  torn  believe  thut  the 
activity  of  nilver  for  partial  oxidation  of  ethene  in  due  to  adsorbed  diatomic  oxygen 
while  the  complete  oxidation*  occurring  on  platinum  are  generally  attributed  to  ad- 
sorbed atomic  oxygen.  Some  invent igutionn  indicate  thut  hydrogen  abstraction  may  be 
rate  determining  in  the  oxidation  of  hydrocarbons  on  metal  catulyntn.  In  the  following 
paragraphs,  aome  studies  will  be  dincunned  which  dealt  with  theae  subjects. 

(1)  Catalytic  oxidation*  on  silver.  The  activity  of  nilver  for  partial  oxi- 
dation of  ethene  to  ethene  oxide  wan  discovered  in  1931. >M  Twigg1*0  wun  the  firnt  to 
investigate  the  mechanism  of  this  reaction  in  detail.  Ilia  study  indicated  that  oxygen 
was  chemisorbed  as  atoms  and  that  ethene  was  not  chemisorbed.  He  proponed  thut 
ethene  in  oxidised  to  ethene  oxide  by  reaction  with  one  chemisorbed  oxygen  atom 
while  interaction  with  two  chemisorbed  oxygen  atoms  results  in  products  which  rapid- 
ly oxidise  further  to  carbon  dioxide  and  wutcr.  The  ethene  oxide  may  also  isomcrixe 
to  acetaldehyde  which  was  expected  to  be  easily  further  oxidised.  Thin  mechanism  ac- 
counted for  the  observed  uxidation  products  and  found  much  recognition.  Relevant 
observations  were  made  by  Margolin1*1  who  found  that  ethene  adsorbs  only  weakly  and 
reversibly  on  nilver  and  that  fast,  extensive  and  irreversible  udnorption  occurs  after  pre- 
adsorption of  oxygen.  However,  the  complete  ethene  oxidution  via  aldehydes,  as  dis- 
cussed by  Twigg,  appears  questionable  since  Murgolia  and  Roginskii1*1  showed  thut  ad- 
mixtures of  aldehydes  to  ethene  decrease  the  rates  of  complete  ethene  oxidution.  This 
is  analogous  to  the  results  obtained  by  other  authors1*1’1*4  in  olefin  oxidation  on  pal- 
ladium who  found  thut  uldehydes  are  not  intermediates  in  the  complete  oxidation  of 
hydrocarbons.  Several  groups  of  investigators1*7-100  believe  thut  the  oxidution  of  ethene 
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on  silver  ran  In*  better  explained  if  interaetion  of  the  cthenc  with  diatomic  udsorbed 
oxygen  in  considered.  Snell  u theory  wus  first  proposed  by  Worbs301  and  is  supported 
by  Vogc  and  Adams303  who  rmphusi/.r  that  this  theory  is  better  suited  to  expluin 
the  often  observed  BO  percent  maximum  selectivity  of  silver  catalysts.  According  to 
the  reaction  scheme  presented  in  the  paper  of  Voge  and  Adams,  four  diatomic  ad- 
sorbed oxygen  molecules  will  oxidise  four  cthcnc  molecules  leaving  four  udsorbcd 
oxygen  atoms  at  the  surface.  Four  such  oxygen  atomB  will  oxidise  one  molecule  of 
cthcnc  to  carbon  monoxide  and  water.  In  summary,  four  cthenc  molecules  urv  con- 
verted to  ethene  oxide  and  one  to  water  and  carbon  monoxide.  The  cur  bon  monox- 
ide will  Ik*  further  oxidised  to  carbon  dioxide  by  reaction  with  diutomic  adsorbed 
oxygen.  Thus,  this  mechanism  permits  an  explanation  of  the  maximal  selectivity  of 
80  percent  and  also  satisfies  the  expectation  that  utomicully  adsorbed  oxygen  would 
lead  to  complete  oxidation, 

Considerable  time  and  effort  were  devoted  to  the  elucidation  of  the  meehunism  of 
the  oxidution  of  ethene  on  silver,  but  no  generally  ugreed  conclusions  have  been 
reached.  Very  recent  investigations  of  Munuru  and  Parravano301  on  the  exchange  of 
oxygen  between  ethene  and  ethene  oxide  on  silver  seem  to  indicate  that  ethene  oxide 
can  be  formed  by  reaction  of  adsorb'd  utomic  oxygen  and  ethene.  Sachtlcr304  favors 
the  mechanism  of  Worbs  and  prepared  a list  of  investigations  which  give  some  evidence 
for  the  existence  of  diatomic  oxygen  on  silver  surfaces.  Some  of  these  will  bo  briefly 
discussed  as  follows.  Vol  and  Shishakov301  found  that  silver  superoxide  (AgOa ) was 
formed  when  oxygen  of  near  utmospherie  pressure  reacted  at  100-1  S0°C  with  thin  silver 
films.  Electron  diffraction  studies  showed  that  the  silver  superoxide  lattice  disappeared 
and  the  silver  lattice  reappeared  when  the  superoxide  film  was  exposed  to  ethene  or  pro- 
pone. Cseandcrnu300  observed  breaks  in  kinctic.ully  obtained  curves  of  oxygen  udsorption 
on  silver  and  attributed  them  to  the  adsorption  of  diutomic  und  monoutotnic  oxygen. 

In  a very  recent  paper,  Sachtlcr  und  coworkers307  showed  that  silver  is  an  uctivc  catalyst 
in  the  liquid  phase  oxidution  of  cumene  by  guseous  oxygen  to  yield  cumene  hydroper- 
oxide. In  the  presence  of  silver,  the  induction  period  characteristic  of  this  free  rudicul 
chain  reaction  wus  shortened,  the  rule  increased,  und  the  uctivution  energy  lowered. 
Copper  and  gold  were  inactive,  but  those  silver-gold  ulloys  which  urc  known  to  be  the 
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most  selective  for  partial  oxidation  of  ctherie  to  elhenc  oxide10*  were  also  most  active 
for  the  cumene  hydroperoxide  formation.  These  results  support  the  mechanism  which 
was  proposed  by  DeBoer:  [ Ag]  + 02  -*•  [Ag]  Oj;  [Agl  Oi  + Rll  -*  | Ag)  + ROOH, 
with  R standing  for  cumene  and  [Ag]  for  silver  metal.109  This  mechanism  is  analogous 
to  the  mechanism  of  homogeneous  liquid  phase  hydrocarbon  oxidation,110-114  but  here 
the  oxygen  moleculeg  arc  activated  by  the  silver  surface. 

Two  recent  investigations  to  be  discussed  here  provided  quite  conclusive  evidence 
that  diatomically  adsorbed  oxygen  is  involved  in  the  partial  oxidation  of  ethene  on  sil- 
ver and  thus  confirmed  the  mechanism  of  Worbg.  Herzog118  reacted  ethene  on  silver 
catalysts  with  oxygen  and  also  with  nitrous  oxide.  Although  significant  yields  of  ethene 
oxide  were  obtained  with  oxygen,  the  use  of  nitrous  oxide,  a source  of  atomic  oxygen, 
led  to  complete  oxidation  of  the  ethene.  Particularly  conclusive  were  the  results  of 
Sachtler  and  coworkers.110  Using  labeled  oxygen  and  infrared  techniques,  the  adsorp- 
tion of  oxygen  on  silver  in  diatomic  form  was  proven  as  well  as  a peroxide  type  inter- 
mediate (CH?  -CHj-O-O-Ag)  in  the  ethene  oxidation.  It  was  also  shown  that  there  is 
rapid  dissociative  adsorption  of  oxygen  on  silver  up  to  a coverage  of  0.25.  Further  ad- 
sorption is  non-disBociative.  Preadsorption  of  chlorine  increased  the  selectivity  of  the 
silver  catalysts  for  ethene  oxide  formation.  The  results  indicated  that  the  selectivity  is 
increased  by  the  chlorine  adsorption  because  the  chlorine  reduces  the  dissociative  oxy- 
gen adsorption  for  which  four  adjacent  silver  atoms  appear  to  be  necessary . 

(2)  Catalytic  oxidation » on  group  VIII  noble  metals.  The  catalytic 
oxidation  of  ethene  and  other  olefins  on  group  VIII  noble  metuls  was  studied  by  Kern- 
ball  et  a/.117  118  using  a static  catalytic  reactor.  On  platinum  and  rhodium,  complete 
oxidation  to  carbon  dioxide  and  water  was  the  only  reaction  observed.  With  palladium, 
about  3 percent  partial  oxidation  to  acetaldehyde,  acetic  anhydride,  and  acetic  acid 
was  found  in  addition  to  the  complete  oxidation.  Further  oxidation  of  the  acetic  acid 
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was  extremely  slow  which  indicated  that  the  complete  oxidation  must  proceed  through 
other  kinds  of  intermediates  and  that  the  partial  oxidation  occurs  in  a side  reaction. 
Acetic  anhydride  and  acetic  acid  were  found  to  poison  the  catalyst.  The  kinetic  results 
with  the  platinum  catalysts  indicated  that  also  with  this  metal  some  poisoning  occurred, 
he.,  there  is  some  partial  oxidation  taking  place  even  with  platinum  catalysts.  The  rates 
of  olefin  oxidation  decreased  in  the  sequences  Pt  > Pd  > Rh  > Au  > W,  It  was  pointed 
out  that  the  order  for  the  four  transition  metalB  may  be  correlated  with  the  integral 
heats  of  adsorption  of  oxygen  on  the  respective  metals  (M-0  bond  strength).  Different 
reaction  orders  were  found  with  different  metal  catalysts  and  reactant  molecules,  but 
Uus  was  not  considered  to  be  indicative  of  differences  in  reaction  mechanisms  but  was 
attributed  to  different  adsorption  characteristics.  Kemball  et  al,  pointed  out  that  judg- 
ing on  the  basis  of  the  initial  heats  of  adsorption  one  can  expect  the  oxygen  to  be  more 
strongly  adsorbed  than  olefins.  However,  there  must  be  a very  marked  decrease  in  the 
heat  of  adsorption  with  coverage  on  platinum  and  palladium  since  Brennan,  Hayward, 
and  Trapnell319  showed  that  only  63  percent  of  the  surface  of  platinum  and  74  percent 
of  the  surface  of  palladium  were  readily  covered  with  oxygen.  Therefore,  Kemball  et  al, 
suggested  that  olefins  may  be  more  strongly  adsorbed  on  the  remaining  portion  of  the 
surface  of  these  metals  than  oxygen.  The  general  conclusion  was  that  the  rate-determin- 
ing step  of  the  olefin  oxidation  involves  an  adsorbed  olefin  molecule,  possibly  on  top  of 
an  oxygen-covered  surface  and  a chemisorbed  oxygen  atom. 

The  olefin  uxidation  on  group  VIII  noble  metals  and  on  gold  was  studied  recently 
in  greater  detail  by  Hall  and  coworkers.  These  investigators**0'334  used  a dynamic  cata- 
lytic reactor  which  led  to  the  observation  that  some  of  the  noble  metals  have  considera- 
bly greater  selectivity  for  partial  oxidation  than  previously  believed.  Selectivity  up  to 
45%  were  observed.  In  the  oxidation  of  ethene,  palladium  shows  considerable  selectiv- 
ity; rhodium,  ruthenium,  and  gold  do  not.  In  the  oxidntion  of  propene,  the  latter  three 
metals  arc  also  selective.  Platinum  was  found  to  be  the  least  selective  catalyst  with  all 
olefins,  thus  catalyzing  mainly  tl  • total  oxidation  to  carbon  dioxide  and  wutcr.  Using 
MC  labeled  olefins,  Hall  and  cowi,rkers  confirmed  the  conclusion  of  Kemball  el  al,ils  334 
that  partial  and  total  oxidation  arc  parallel  and  not  consecutive  reactions.  Similar  prop- 
erties us  catalysts  were  found  with  the  silica  supported  and  alumina  supported  metals  us 
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well  uh  with  metal  sponges.  Therefore,  the  observed  catalytic  properties  are  regarded 
us  characteristic  of  the  metals  per  sc. 

The  specific  activity  for  total  oxidution  of  olefins  on  group  VIII  metals217  de- 
creased in  the  following  sequence!  platinum,  palladium,  iridium,  ruthenium,  rhodium. 
Three  distinct  types  of  pressure  dependencies  were  found.  With  type  1 (platinum  uud 
palladium),  the  rates  were  repressed  by  olefin  and  were  first  order  in  oxygen.  With 
type  II  (ruthenium),  the  rates  were  independent  of  olefin  pressure  and  first  order  in 
oxygen.  With  type  111  (rhodium  und  iridium),  the  rules  increased  with  olefin  pressure 
und  were  weakly  inhibited  by  oxygen  pressure.  The  inverse  olefin  pressure  dependence 
with  plulinum  and  palladium  was  also  found  by  Moro-okuef  uL,tu  221  while  Kombull 
und  coworkers220  211  found  it  only  with  platinum.  The  observed  pressure  dependencies 
correspond  well  to  observations  in  the  field  of  clectrocntulysia  where  it  was  found  that, 
at  the  sumc  potentials,  the  coverages  with  oxygen  are  low  on  platinum  und  palladium 
und  high  on  iridium  and  rhodium,  while  the  coverages  with  hydrogen  are  in  the  reverse 
order.222  222  Also,  coverage  by  oxygen  begins  to  be  appreciable  at  considerable  lower 
potentials  on  rhodium  and  iridium  thun  on  platinum  or  palladium.224 

The  catalytic  oxidation  of  ethene  on  palladium  (type  I pressure  dependency)  was 
Btudied  in  considerable  detail.121  In  agreement  with  Kcmbull  el  al.,u>  227  it  was  found 
that  the  acetic  ucid  formed  Is  not  easily  further  oxidised  und  constitutes  a poison.  This 
was  confirmed  in  experiments  in  which  ncetic  ucid  was  intentionally  added.  It  is  inter- 
esting thut  formic  acid,  u species  with  only  one  carbon  atom,  is  not  a poison  and  was 
rapidly  oxidised  to  carbon  dioxide  and  water.  Using  deuteroted  ethene,  only  a small 
isotope  effect  wus  found  which  indicated  that  breuking  of  the  carbon-hydrogen  bond  is 
not  involved  in  the  rate-determining  step.  The  gross  kinetics  were  the  Hume  for  partial 
und  for  totul  oxidation  and  also  the  activation  energies  were  the  sumc.  numcly,  20  t 2 
Kcul/molc  from  the  initial  rate  and  30  ± 2 Kcal/molc  from  the  stcady-slutc  measurements, 
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tin*  difference  reflecting  poixoning.  It  wax  concluded  lluit  on  palladium  the  rule- 
determining  step  in  (lie  mi  mo  in  purliul  and  total  oxidation  and  ix  likely  to  In1  the  oxygon 
chcinixorption.  \ related  coiicluxinn  wax  reached  in  the  clcclrocululylic  oxidation  of 
cthcnc  on  platinum  electrodes  which  will  In*  dixcuxxcd  in  a later  miction.13*  1M  High 
oxygen  coverage*  on  palladium  ax  well  ax  alloying  palladium  with  gold  reunited  in  in- 
crcuxex  in  the  xclcetivity  for  partial  oxidation.  The  fact  that  alloying  with  gold  (a  metal 
with  little  dehydrogenation  capability)  un  well  ua  inereaaing  the  coverage  with  oxygen 
led  to  an  incrcuac  in  aeleetivity  wax  considered  an  indication  that  the  ability  of  metulx 
to  catalyxc  the  lotul  oxidation  ix  related  to  (he  dehydrogenation  uhility  of  the  metal. 

Thix  Idea  ix  in  ugreement  with  the  general  view  of  Murgollx140  that  xtrong  hydrocarbon 
bonding  to  the  eatalyxl  and  the  presence  of  labile  oxygen  are  required  for  total  oxldu- 
tion  to  occur.  It  ix  intcrcxting  to  note  here  that  oxygon  eoverugex  of  more  than  0.2  re- 
prexx  the  eleetroeutalytie  oxidation  <if  olefinx.141*143  However,  in  the  eleetroealalytie 
oxidation  in  add  eleetrolytex,  the  oxidixiug  xpeeiex  are  udxorhed  hydroxyl  groupx  stem- 
ming  from  the  oxidutive  udxorplion  of  electrolyte  water t in  thix  eaxe  adsorbed  oxygen 
may  not  only  reduee  the  dehydrogenation  uhility  of  the  eatuiyxt  xurfuce  but  uixo  may 
hinder  the  wuter  udxorption.  In  uny.  event,  research  in  eleetroeutalytie  hydroeurbon  oxi- 
dation Iiun  xhown  that  xtrong  bonding  of  hydroearbonx  leading  to  dehydrogenution  and 
to  curbon-curbon  bond  hreuking,  i.e.,  to  C.|  xpeeiex,  ix  un  importunt  xtep  in  the  complete 
oxidulion  of  hydrocurbonx  to  carbon  dioxide. 344,1,8  Thix  will  be  dixcuxxed  in  detuil  in 
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the  un-lion  on  ek'ctrocalulytic  hydrocarbon  oxidation. 

In  (In-  oxidation  of  profile  on  surfaces  of  rhodium,  ruthenium,  iridium  (typo  II 
and  III  pressure  dependencies)  and  gold,M,‘M1  substitution  of  deuterium  fur  hydrogen 
in  the  methyl  group  resulted  in  a considerable  reduction  of  the  ratea.  Thua,  a large  ki- 
netic iaotope  effect  waa  operative  blit  only  for  deuterium  in  the  methyl  group.  Thia 
iaotope  effect  indicated  that  the  attraction  of  n hydrogen  atom  from  the  methyl  group 
leading  to  a aymmctric  allylic  intermediate  waa  the  rate-determining  atep.  Such  inter- 
mediates an-  well  known  in  propone  oxidation  on  oxide  eatalyati,m>UT  With  rhodium, 
rutlienium,und  gold,  the  oxidation  led  to  eonalderablc  acrolein  formation,  but  with 
iridium  the  acrolein  ia  further  oxidised  because  iridium  la  distinguished  by  u special  ac- 
tivity in  euta  lysing  the  cleavage  of  double  bonda.  The  ainglo-eurbon  fragment  formed 
by  double-bond  cleavage  on  iridium  ure  rapidly  converted  io  carbon  dioxide  and  wulcr, 
but  the  multiple-carbon  fragmenta  are  atahilixed  by  formation  of  aldehyde  is  ,ind  acids. 
With  cthcnc,  this  possibility  does  not  exist  and  bond  cleavage  or  attack  of  the  molecule 
simultaneously  on  both  ends  results  in  total  oxidation.  Acetic  acid  is  formed  only  as 
fast  as  an  intrumolocular  shift  of  hydrogen  can  occur  tu  form  the  methyl  group.  Evi- 
dence for  the  importance  of  hydrogen  abstraction  in  the  catalytic  oxidation  uf  hydro- 
carbons wuh  ulso  found  by  Wise  et  at. 
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Wise  et  aLm  JW  studied  the  catalytic  oxidation  of  alkanes,  alkenes,  alcohols,  and 
ketones  on  platinum  and  palladium.  The  principle  of  their  experimental  technique  was 
the  measurement  of  the  ignition  temperature  as  a function  of  reactant  concentration  of 
various  hydrocarbon-oxygen  mixtures  or  hydrocarbon -oxygen-carrier  gas  mixtures.  The 
concentration  of  hydrocarbon  was  kept  low,  and  oxygen  was  always  in  excess.  There- 
fore, oxygen  reaction  orders  could  not  be  determined.  The  oxidation  of  alkanes,  alco- 
hols, and  ketones  were  first-order  reactions  with  respect  to  hydrocarbon  pressure.  In 
agreement  with  Moro-oka  et  aL,m  vt  Kembatlef  aL,in  ,M  and  Hall  and  coworkers, m 
an  inverse  fractional  order  was  found  with  olefins  on  platinum  catalysts.  In  the  olefin 
oxidation  on  palladium,  a first-order  pressure  dependency  was  observed  which  agrees 
with  the  work  of  Kemball  *1  aL  but  not  with  the  findings  of  Hall  and  coworkers. 

Most  extensively  investigated  was  the  oxidation  of  alkanes  on  platinum  catalysts, 
The  activation  energy  of  the  oxidation  of  ethane  on  platinum  was  found  to  be  27  Kcal/ 
mole.  However,  with  various  n-alkanes  having  three  or  more  carbon  atoms,  the  activa- 
tion energy  was  only  17  Kcai/mole.  These  observations  led  to  the  conclusion  that  in 
the  oxidation  mechanism  of  these  alkanes  an  identical  step  is  involved  which  is  the  hy- 
drogen abstraction  from  a secondary  carbon  atom  which  energetically  is  less  expensive 
than  abstraction  from  a primary  carbon  atom.  In  line  with  this  conclusion  is  the  obser- 
vation that  the  activation  energy  is  even  smaller  with  alkanes  having  a tertiary  carbon 
atom  such  aa  isobutane  <10  Kcal/mole)  or  substituted  octane  isomers  (13  Kcal/mole). 
These  results  support  the  view  that  the  oxidation  process  is  initiated  with  dissociative 
chemisorption  in  which  the  weakest  carbon-hydrogen  bond  is  broken.  This  reactivity 
aequenoe  of  alkanes  in  oxidation  is  similar  to  the  reactivity  sequence  of  alkanes  in  hy- 
drogen deuterium  exchange  reaction  where  disaouiative  chemisorption  is  also  rate  de- 
termining.17*  The  results  of  Wise  et  at,  indicated  that  the  alkane  adsorption  takes  place 
on  the  bare  metal  surface  because  the  reactivity  pattern  of  the  alkanes  could  not  possi- 
bly be  rationalised  if  adsorption  on  top  of  adsorbed  oxygen  is  considered. 

Wise  et  at.  suggested  that  the  conditions  for  total  oxidation  may  be  most  fuvorablc 
when  the  metal  surface  has  the  highest  ability  to  maintain  fractional  coverages  with 
both  the  dissociatively  chemisorbed  hydrocarbons  and  oxygen.  This  condition  appears 
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to  1m*  bout  fulfilled  with  platinum.  The  lower  activity  of  palladium  for  total  oxidation 
io  attributed  to  a greater  tendency  of  palladium  to  form  a surface  oxide  layer  which  is 
not  active  for  the  dissociative  chemisorption  of  alkanes.  This  view  gains  support  from 
the  observation  that  strongly  oxidised  palladium  surfaces  are  not  active  in  alkane  oxi- 
dation but  retained  the  activity  for  oiehn  oxidation. 

In  context  with  the  above  diaeusaions  of  hydrocarbon  oxidation  on  group  V1U 
noble  metals,  recent  ultra-high  vacuum  work  seema  relevant  and  will  be  briefly  dis- 
cussed! Helium  and  deuterium  beam  shattering  techniques  as  well  as  Auger  electron 
spectroscopy  and  LEED  were  used.  With  these  techniques  Smith  and  Merrill*7*  found 
that  ethenc  adsorbs  irreversibly  on  platinum  (111),  dissociating  into  ail  acetelenic  spe- 
cies and  mobile  hydrogen  atoms,  This  study  indicated  that  four-site  dissociative  ad- 
sorption of  ethenc  takes  place  and  that  the  sticking  coefficient  Is  unity.  Elevated  Bur- 
face  temperatures  result  in  further  loss  of  hydrogen  and  formation  of  an  amorphous 
residue  which  transforms  into  graphite  at  temperatures  above  550*C.  This  graphite 
formation  was  also  observed  by  other  investigators.*77  171  Merrill  and  coworkera17****1 
also  showed  that  hosting  in  vacuum  is  not  sufficient  to  remove  carbon  from  platinum 
surfaces.  Heating  in  the  presence  of  oxygen  is  required.  Merrill's  findings  on  ethenc  ad- 
sorption on  platinum  are  in  general  agreement  with  earlier  infrared  work.*** 

It  is  interesting  that  a sticking  probability  of  only  7 x 10’7  was  found  by  Weinberg 
ft  nl,m  in  the  adsorption  of  oxygen  on  specially  cleaned  platinum  (111).  The  sticking 
probability  was  independent  of  the  oxygen  pressure  and  of  temperature.  These  results 
agree  with  the  work  of  Morgan  and  Somorjai.**1  Thus,  it  seems  likely  that  the  higher 
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oxygen  sticking  probabilities  found  earlier 1,4  are  typical  for  platinum  contaminated 
with  carbon,  an  impurity  which  is  usually  present  on  platinum.  These  investigations 
indicate  that  clean  platinum  has  very  little  ability  to  adsorb  oxygen,  and  it  may  be  con- 
cluded that  the  reported1'7  heats  of  oxygen  adsorption  on  platinum  pertain  to  carbon 
contaminated  platinum.  All  of  this  led  to  the  speculation  that  not  platinum  as  such 
but  carbon  contaminated  platinum  is  the  effective  catalyst  for  hydrocarbon  oxidation, au 

Iti  connection  with  this  influence  of  carbon  impurities  on  platinum,  It  is  interesting 
that,  in  a recent  investigation,1'*  a beneficial  effect  of  carbonaceous  residues  on  the  rate 
of  ethcnc  hydrogenation  over  palladium  was  found.  During  the  use  as  catalyst,  the  ac- 
tivity of  palladium  dropped  to  one-fiftieth  of  the  original  value.  However,  by  adsorp- 
tion of  acetylene  the  activity  of  the  palladium  could  be  considerably  increased.  The  ad- 
sorbed acetylene  did  not  show  any  OH  vibration  spectrum  which  suggests  that  the  acet- 
ylene was  adsorbed  in  a highly  dissociated  form,  i.c.,  aa  a carbonaceous  residue.  It  was 
concluded  that  the  adsorbed  acetylene  did  not  act  aa  a poison,  as  could  have  been  ex- 
pected, but  stabilities  active  sites  for  ethene  hydrogenation.  These  are  quite  unexpected 
results.  In  the  hydrogenation  of  ethene  on  platinum  catalysts,  carbonaceous  residues 
were  recently  shown  to  be  poisons.1" 

d.  Water  m Oxidising  Spaciea  in  Heterogeneous  Catalytic  Oxidation.  In  the 

history  of  the  study  of  heterogeneous  oxidation  catalysis,  reaction  mechanisms  have 
been  considered  in  which  catalyst  oxide  ions  or  some  forms  of  adsorbed  oxygen  were 
the  oxidising  species.  All  of  this  has  been  discussed  in  some  detail.  However,  recently, 
it  was  shown  by  Moro-oka  el  ai.1"  and  by  T.  Sciyama  et  at1*1  that  with  some  catalysts 
and  in  some  reactions  water  can  function  as  an  oxidising  specie*.  Using  isotopicully 
labeled  water,  Moro-oka  et  at.1*1  found  that  the  "0  of  the  wutcr  was  incorporated  into 
the  oxidised  product  according  to  the  following  reaction  in  which  A stands  for  olefini 
A + i/2  Oj  + llj  "0  -*  A"()  + H|(>.  These  studies  were  curried  out  in  a flow  system 
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at  utmoxphcric  pretexurcx  and  with  gux  mixtures  of  propene,  e>xyg<*»,  water,  und  nitrogen. 
They  will  Im1  dimnwd  in  the  following  purugruphx. 


The-  oxidation  of  propemer  to  uerolein  over  SnOj  - MoOj  and  MoOj  - BijOj  cuta- 
lyntM  followed  the  mcchunixmx  involving  the  e-atulyxt  oxide  ion,  thux  confirming  prcvioux 
work  by  many  uiilhortt  in  which  ullylic  adxorptiem  und  reuction  with  oxide  ionx  wux 
extublixhed.  However,  the  oxidation  of  pro|>cnc  to  acetone  over  the  SnOj  - MoOj  eatu* 
lyxt  proceeded  through  the  meehunixtn  in  which  oxygen  ix  tuken  from  the  water,  Thix 
oxyhydration  U fuvored  at  low  temperuton'x,  the  formation  of  acrolein  at  high*'?  tern* 
pcraturcx.  Thux,  the  xelcctlvlty  of  the  catalyxta  for  one  or  the  other  oxidation  product 
could  be  attributed  to  the  different  mod1'*  of  oxygen  incorporation  into  the  olefin 
molecule.  For  the  acetone  formation  on  the  SnO}  • MoO,  cutalyxt,  on  udxorbed  car* 
bonium  ion  intermediate  wax  xuggexted  to  be  involved  becauxe  the  eutalytie  activity  in- 
created  linearly  with  the  concentration  of  acidic  xitex  of  the  binary  oxide  catalyat, 

In  the  oxidution  of  propeme1  to  acrolein  on  Pd*curbon  eulalyxlx,  the  water  mcchu- 
nixm  wax  found  to  he  operative,  Allylie  adxorption,  addition  of  a hydroxyl  group  (from 
the  water),  and  removal  of  two  hydrogen  atom*  to  form  the  uerolein  wax  xuggexted  ax 
the  mcchunixm.  Anulogoux  rexultx  were  obtained  by  Sciyumuef  a f.,M  who  contacted 
guxeoux  n ixturex  of  olefinx  and  oxygen  with  palladium  in  un  aqueoux  xuxpcnxion.  Com- 
paring the  oxidution  productx  of  vurioux  olefinx,  it  could  be  concluded  that  the  flrxt 
xtep  ix  an  ullylic*  udxorption  if  (lire1**  or  more*  carbon  atomx  are  prexent.  With  elhene,  thix 
ix  ned  poetxiblc  und  conxiderubly  lower  oxidullon  ratex  were  found.  Then  Oil  greeupx 
from  the  water  arc*  udded  to  the  xurfuee  complex  which  finully  ix  Iranxformed  into  ulde- 
hydex  or  ketoncx  by  loxing  two  hydrogen  atomx,  The  Influence  of  wuler  wax  extahlixhed 
in  gux-phuxe  experiment*  iixing  propene,  oxygen,  and  wuler  vapor  mixlurex  and  palladium 
ux  cutalyxt.  In  addithm  to  palladium,  platinum  ulxo  xhowed  activity  in  the  liquid  phaxe 
oxidution  of  propene  but  complclc*  oxidation  to  carbon  dioxide  and  water  wax  xtrongly 
favored.  The  uctivitiex  of  rhodium  und  ruthenium  were  relatively  xmall. 

It  ix  well  known  thut  oxyln  drution  ix  important  in  the  homogeneoux  catalytic  oxi- 
dution of  olefinx  to  uldchydcx  or  ketoncx.  The  Wuckcr  proeexx  uxing  palladium  chloride 
in  aqucouHHolution  ux  culalyxl  ix  u well  known  example,1"  The  dlxcovery  of  hetcrogen- 
eoux  catalytic  oxyhydration  xhowx  how  ximilar  tlu*  cululytic  properties  of  metul  utemix 
on  xurfucc'x  of  xolidx  und  thoxe  of  the  rcxpective  ionx  in  xolution  arc*,  i.e.,  how  cloxe-ly  re- 
lated heterogeneom,  cutulvxix  und  hoinogcncotix  cutulyxix  ure.  The  dixcovesy  thut  wuter 
cun  he  the  oxldixing  xpcciex  in  gux-phuxe  cutulyxix  on  noble  mctulx  ix  ulxo  interesting  in 
view  of  the*  fact  thut  uelxeirhe'd  wuter  ix  the  oxielixing  xpccies  in  the  electrocatulytic 
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oxidation  of  organic  compound*. 

a.  Electrocatalytic  Oxidation  of  Hydrocarbon*.  Electrocatalyais  is  the  term 
UM-d  for  heterogeneous  catalysis  of  charge-transfer  reaction*  occurring  at  an  electrode- 
electrolyte  interface. 1,4  The  rates  of  electrocatalytic  reactions  are  influenced  not  only 
by  the  catalytic  activity  of  the  catalyst  (electrode)  but  also  by  the  presence  of  an  elec- 
tric field  across  the  electrode-electrolyte  interface  and  by  the  nature  of  the  electrolyte. 

Work  on  electro-organic  oxidation  had  been  carried  out  alrctidy  in  the  1920's,  al- 
though at  that  time  it  was  not  presented  in  terms  of  electrocatalyais.**1  The  term 
“electrocatalysis"  was  used  for  the  first  time  in  1963.***  Probably,  this  field  emerged 
so  late  because  most  electrode  processes  were  studied  on  mercury,  as  in  polarugraphy, 
and  therefore  the  catalytic  effects  of  different  electrode  materials  went  not  observed. 
Another  reason  for  the  slow  development  of  the  field  of  eleetrocatalysla  was  that  the 
relation  between  the  electrode  potential  and  the  current  density  (Tofel  equation)  was 
written,  in  analogy  to  the  Nernst  aquation,  as i)  = a - b log  i (tj  stands  for  the  overpo- 
tential,  i for  current  density,  and  a and  b are  constants).  In  this  form  of  the  Tafel  equa- 
tion, it  was  somewhat  obscured  that  the  overpotential  is  a kind  of  activation  energy,  aa 
may  be  seen  after  converting  into  i - exp  ( (a  - q)  /b  ) . Whim  the  potential-current  den- 
sity relationship  is  expressed  in  the  later  fashion,  it  is  also  more  easily  seen  that  the  cur- 
rent density  is  a measure  of  the  reaction  rate, 

Ratos  of  electrocatalytic  reactions  can  bo  changed  orders  of  magnitude  at  one  tem- 
perature by  changing  the  potential.  In  the  potential-current  density  relationship  the  re- 
searcher in  eleetrocatalysla  haa  a diagnostic  criterion  which  is  useful  in  searching  for  the 
rate-determining  step.1*' 100  In  eloctrocatalysis,  the  active  surface  urea  can  be  deter- 
mined by  measuring  the  charge  which  is  involved  in  hydrogen  deposition  from  the  elec- 
trolyte onto  the  electrode  via  the  Volmer  reaction  (H*  + e”  H^).*01'*0*  Coverages 
with  strongly  adsorbed  organic  species  can  be  determined  by  measuring  the  charge 
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required  to  oxidize  the  adsorbed  material,*04'*6*  These  method*  ure  less  involved  than 
the  equivalent  measurement*  in  Aguiar  ratalysi*.  A disadvantage  of  ctcctrncatalysi*  in 
that  the  requirement*  imposed  upon  the  cutaly*t*  by  the  corrosive  nature  of  the  electro- 
lyte,  the  potential*,  and  the  need  for  eleetronie  eonductanee  are  *ueh,  that  the  ehoiee  of 
material*  ia  quite  limited.  With  acid  electrolyte*,  mainly  platinum  or  *ome  of  the  other 
noble  metal*  art1  used. 

In  the  last  10  year*,  eonaiderable  work  wa*  done  in  the  field  of  elcctrocatalysis  be* 
eauNc  of  the*  great  interest  in  the  direct  conversion  of  chemical  into  electrical  energy  by 
mean*  of  fuel  cell*.  This  led  to  inuny  publication*  as  well  u»  a number  of  review  papers 
and  books  on  clectroeatalysi*. 106  1,0  »••'*•*  ***•  To  cover  this  field  in  this  review  in 
depth  In  not  possible;  therefore,  only  the  field  of  elec  trocataiy  tic  hydrocarbon  oxida- 
tion in  acid  c|ectrol/tc  systems  will  be  briefly  outlined, 

Saturated  hydrocarbons  were  expected  to  be  inert  electrochemically,  except  at 
high  temperatures,  until  Heath  and  Worsham'1*  reported  on  the  spontaneous  electro- 
chemical oxidation  of  a saturated  hydrocarbon  yielding  electrical  energy.  Thia  result 
led  to  a great  increase  in  interest  in  the  field  of  electrochemical  energy  converaion  be- 
cause saturated  hydrocarbon*  arc  readily  available  and  cheaper  than  other  fuel*.  Heath 
und  Worsham  worked  with  u potassium  hydroxide  electrolyte,  out  for  a practical 
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hydrocarbon  fuel  cell  a carbon  dioxide  rejecting  electrolyte  would  be  necessary.  A car- 
bon dioxide  rejecting  system  using  phosphoric  acid  as  an  electrolyte  and  platinum 
black  electrodes  wus  described  by  W.  T.  Grubb  and  L.  W Niedrach,117  and  the  perfor- 
mance of  this  system  with  propane  as  fuel  was  investigated  by  Grubb  and  Michalske.311 
Complete  oxidations  of  the  propane  to  carbon  dioxide  at  temperatures  of  l50°-20QoC 
were  observed.  The  completeness  of  the  reaction  indicated  that  the  intermediates  of 
this  reaction  arc  more  strongly  adsorbed  than  the  propane,  Therefore,  less  complete 
oxidation  was  expected  when  fuels  with  a higher  adsorbability  than  propane  are  used. 
This  agrees  with  some  obaervations  in  the  electrocatalytic  oxidations  of  propene  and 
cyclopropane 1,1  available  at  that  time  and  with  later  work.110  A comparative  atudy  of 
the  coverages  of  various  saturated  and  unaaturated  hydrocarbons  on  platinised  platinum 
was  made  by  Niedrach111  using  galvanoatatic  and  volumetric  techniques.  In  add  elec- 
trolytes, the  coverages  fall  into  three  categories)  low  for  methane;  intermediate  for 
saturated  hydrocarbons  such  as  ethane  and  propane;  and  high  for  unaaturated  hydro- 
carbons. The  rates  of  adsorption  in  the  acid  electrolyte  were  found  to  be  reasonably 
high.  However,  in  alkaline  electrolytes,  the  adsorption  of  saturated  hydrocarbons  was 
exceedingly  slow.  In  contrast,  the  adsorption  of  the  unaaturated  hydrocarbons  was  af- 
fected little  by  the  electrolyte,  This  influence  of  the  electrolyte  on  the  adsorption  of 
hydrocarbons  is  not  well  understood.  A lower  adsorbability  and  reactivity  of  methane 
as  compared  to  ethane  and  other  saturated  hydrocurbona  was  often  four*,'  in  gas-phase 
catalysis.113*111  This  is  generally  attributed  to  a 5 Kcal/mole  higher  C-H  dissociation 
energy  of  methane.117  >u  However,  the  difference  on  adsorbability  appears  to  bo  larger 
than  to  be  expected  on  the  basis  of  the  lower  dissociation  energy  alone.  Therefore,  it 
was  suggested  that  the  influence  of  the  catalyst  surface  on  both  carbon  atoms  of  ethane 
or  Itighcr  hydrocarbons  (1 ,2  diadsorption)  is  also  responsible  for  the  greater  ease  of 
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hydrogen  dissociation  from  these  hydrocarbons  as  compared  lo  methane.119 

The  dcctrocutalytic  oxidation  of  hydrocuibon  was  studied  by  Gilman110'311  and 
by  Niedr«chm*1M  using  the  multipulse  potentiodynumic  technique.  Although  Gilman 
worked  with  smooth  platinum  electrodes  and  Nicdrach  with  Teflon-bonded  platinum 
black  electrodes,  very  similar  results  were  obtained.  The  electrodes  went  held  at  0.4 
volt  in  hydrocarbon  saturated  electrolytes.  With  a cathodic  pulse,  the  charge  involved 
in  the  saturation  hydrogen  coverage,  i.e.,  the  remaining  free  surface,  was  determined. 

The  hydrocarbon  coverage  was  obtained  with  an  anodic  pulse,  i.e.,  by  determining  the 
charge  associated  with  the  oxidation  of  the  adsorbed  species.  A linear  relationship  be- 
tween  these  two  quantities  was  obtained  which  allowed  one  to  estimate  the  composition 
of  the  adsorbed  molecules.  It  was  concluded  that  dissociative  adsorption  occurs,  and 
Gilman  suggested  that  the  average  composition  of  adsorbed  ethane  was  C}  Ha . The  de- 
gree of  dehydrogenation  is  greater  the  higher  the  temperature  and  the  longer  the  adsorp- 
tion time.  Carbon -hydrogen  ratios  of  1 :2  and  1:1  were  also  found  by  Burshtein  et  al. 117 
In  the  oxidation  of  the  adsorption  layer  of  saturated  hydrocarbons  such  as  ethane,  pro- 
pane, or  butane,  b ath  Niedraoh**'*1  and  Gilman*1'*49  found  two  oxidation  waves 
upon  the  application  of  a linear  unodic  sweep.  The  first  wave  was  u distinct,  well-defined 
peak  and  occurred  at  potentials  below  0.8  volt.  The  second  wave  is  more  diffuse  and 
extends  from  0.8  volt  well  into  the  oxygen  evolution  potentials.  The  comparatively 
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oxidation-resistant  species  giving  rise  to  the  second  wave  can  he  hydrogenated  and  de- 
sorbed as  various  saturated  hydrocarbons  by  application  of  a cathodic  pulse.  This  showB 
that  the  adsorbed  compounds  oxidized  in  wave  2 (designated  type  II)  consist  of  partial- 
ly dehydrogenated  hydrocarbon  species.  With  methane,  only  the  wave  I was  found 
which  corresponds  to  a species  which  is  much  more  easily  oxidized. Ml  Consequently, 
it  was  concluded  that  the  species  of  wave  I is  a C,  species.  This  so-called  type  I species 
resists  cathodic  desorption*4*-*4*  or  is  only  partially  desorbable*4*"***  all  of  which  indi- 
cates that  it  is  a partially  oxygenated  species.  This  conclusion  gains  support  from  the 
fact  that  the  single  oxidation  wave  of  methane,  as  well  as  the  wave  I of  ethane,  propane, 
and  butane,  is  in  the  same  potential  range  as  the  oxidation  waves  of  formic  acid,  the 
“CO-likc”  species  of  Niedrach,***  and  the  reduced  COa  of  Giner.**4  In  addition,  Grubb 
and  Lazarus381  showed  that  the  non-desorbakle  species  must  contain  oxygen.  They  found 
that  the  maximum  rate  of  carbon  dioxide  formation  was  higher  than  could  be  produced 
by  a 4 electron  reaction  from  the  total  10  ma  galvanostatic  current  employed.  This 
could  occur  only  if  the  surface  species  is  already  partially  oxidized.  From  all  this,  it 
transpired  that  the  formation  of  the  type  II  material  on  fuel  cell  electrodes  is  undesirable 
because  it  will  block  adsorption  sites  and  limit  the  fuel  cell  performance.  The  desirable 
path  is  the  cracking  of  the  carbon  chain  to  form  the  more  readily  oxidized  G(  species. 

At  not  too  high  current  densities,  the  oxidation  of  the  Ct  species  to  C03  is  the  rate- 
limiting  fuctor.*84  Using  similar  techniques,  Russian  workers*17-*8*  obtained  related 
results.  In  their  terminology,  the  initially  chemisorbed  hydrocarbon  is  called  “particle 


348L,  W,  Niedrach.  J.  Elcclrochein.  Sou.,  Ufl,  648  < 1966 ). 

3MS.  Gilman,  Tram  Faraday  Soc,,  61, 2846, 2861  < IMS), 

34 ' S.  Oilman,  J.  Electroehem,  Soc„  113. 1086  (1966), 

34#S.  Gilman,  "Hydrocarbon  Fuel  Cell  Technology,"  «d.  S,  Baker,  Academic  Preaa.  New  York-Londonl  1968),  p.  849, 

34®1..  W.  Niedrach,  “Hydrocarbon  Fuel  Cell  Technology,"  cd.  8.  Baker,  Academic  Free*,  New  York-I.oitdon  ( 1 905), 
p.  877. 

38®l,.  W.  Niedrach,  S,  Gilman,  and  J,  Welnatock,  J,  Kleetrochem.  Sue,,  JJg,  1 161  ( 1968). 

38*l„  W.  Nledmch,  J.  Electroehem.  Sue.,  113,  648  (I960), 

383l„  W.  Niedrach  and  M,  Tuchner,  J,  Elect  rochem,  Soc,,  1 1 4, 1 7(1967), 

333l„  W.  Niedrach,  J.  Elreiroc  hem.  Sue.,  JX1, 1 3UV  < I 964). 

354l.  Giner,  Eleetrochlm,  AclaJ,  887(1963), 

358W.  T.  Grubb  and  M.  E.  I.aaaiua,  J.  Electroehem.  Sue,,  ill,  360(1967). 

W,  Niedrach,  J.  Elect  rochem,  Soc,,  118,  648  ( 1966), 

387A,  G,  I’ahcnlchnlkuv.  A,  M.  Bugrachcv,  and  H.  Kh,  Hurahteln,  Soviet  Ek-rlrochemlalry,  J,  No,  9, 993 ( 1969); 

1 No,  12,  1369(1969), 

3S«V,  8,  Tyurln,  A,  G.  Pahrnlrhnlkov,  and  K,  Kh.  Hurahleln,  Soviet  Electrurhemletry,  J,  No,  10, 1 103  (1969), 

339 A.  M.  Iloaraehev,  A,  G.  Fahenlchnlkov,  and  K.  Kh,  Burahleln,  Soviet  F.leelrochrnilalry,  1,  No.  0.871  (1971), 


4B 


II”  which  is  cuthodically  dcsorbablc  and  which  crucks  to  C|  fragments  (particle  I). 
These  are  rapidly  transformed  into  oxidized  species. 


Considering  e.thenc  and  acetylene  us  subsystems  to  ethane,  Gilman3*0  341  also  in- 
vestigated the  reactions  of  these  unsaturuted  hydrocarbons  on  platinum  electrodes.  The 
adsorption  at  0.4  volt  from  perchloric  ucid  ut  30°C  und  60°C  is  extremely  rapid  at  zero 
coverage  und  remains  diffusion  controlled  throughout  most  of  the  rang*!  of  surface  cov- 
erages. Ethcne  adsorption  wus  accompanied  by  un  anodic  current  indicating  dissociative 
adsorption  while,  with  acetylene,  only  associative  adsorption  appears  to  take  plucc.  Con- 
sequently, the  average  composition  of  the  adsorbed  species  is  believed  to  be  Cj  H j as 
was  found  with  ethane.  At  higher  temperatures  and  potentials,  more  extensive  dehy- 
drogcnulion  occurs.  A very  interesting  observation  wus  that  with  these  unsaturuted  hy- 
drocarbons wave  1 wus  not  found  which  indicates  thut  the  more  readily  oxidizablc  type 
I species  is  not  formed.  This  may  well  be  due  to  the  high  coverages  occurring  with  un- 
saturated  hydrocurbons  which  will  tend  to  promote  polymerization  rather  than  cracking 
and  oxidation.  Polymerization  of  ethcne  to  C4  species  was  found  long  ago  in  gas  phuse 
catalysis  work3**  and  was  repeatedly  observed  in  infrared  studies.363'3*5  In  agreement 
with  Gilman's  studies,  Russian  workers3**'3**  did  not  find  any  formation  of  C|  species 
when  the  ethcne  pressure  was  high.  However,  at  pressures  of  101  atm  und  below,  Ca 
and  C|  fragments  were  found.  Therefore,  essentially  the  Bumc  reuction  steps  as  with 
suturuted  hydrocarbon  wore  suggested  to  tuke  plucc  with  the  unsaturuted  hydrocarhon. 

Dissociative  adsorption  of  suturated  hydrocarbon  on  metals  is  widely  observed  in 
the  gus  phase  work.3*1'3*1  It  is  the  only  mode  of  adsorption  which  can  be  imagined 
with  a species  having  only  o bonds  such  as  u saturated  hydrocarbon.  The  dissociative 
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adsorption  of  methane,  ethane,  und  higher  saturated  hydrocarbon  on  metui  surfaces  was 
conclusively  shown  by  several  authors  by  determining  the  hydrogen  formed  and  by 
hydrogen-deuterium  exchange  experiments.3®*"3®7  Also  magnetic  studies**®  on  adsorp- 
tion of  ethane  on  nickel  allowed  that  dissociative  adsorption  is  taking  place.  After  the 
initial  dissociative  adsorption,  further  dehydrogenation  occurs  on  many  metals  resulting 
in  multiple  bonded  hydrocarbon  s|M;cies.  At  slightly  higher  temperatures,  carbon-carbon 
bond  breaking  occurs.3*9 '***  Some  of  the  surface  species  react  with  hydrogen  on  the  sur- 
face. This  self-hydrogenation  leads  to  the  desorption  of  methane  or  some  other  saturat- 
ed hydrocarbon.  If  exccbs  hydrogen  is  present,  extensive  desorption  of  methane  or 
other  hydrocarbons  of  smaller  chain  length  than  the  original  one  lakes  place  which 
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profess  is  known  us  hydrogonolysiB.*w  **7  Such  processes  occur  also  in  the  adsorption 
of  hydrocurbons  on  dectrocutalysts  in  clcctrucatalytic  systems.  Upon  adsorption  of 
ethane,  propane,  and  n-butanc  on  platinum  electrodes  desorption  of  methane,  ethane, 
and  of  the  original  hydrocarbon  was  observed,  i.e.,  dissociative  adsorption,  cracking, 
and  self-hydrogenation  occurred, *M’400  When  cathodic  reduction  (electrochemical  hy- 
drogenation and  hydrogenolyais)  of  adsorbed  propane  was  carried  out,  the  desorption 
products  consisted  of  propane,  ethane,  methane,  and  some  butane  indicating  also  that 
some  polymerisation  is  taking  place.401  In  propane  adsorption,  a dependence  of  the 
ratio  of  the  desorbed  quantities  of  methane  and  ethane  on  the  potential  of  adsorption 
was  found.401  In  gas-phase  catalysis,  very  much  information  on  the  reactions  of  hydro- 
oerhons  on  metal  surfaces  was  obtained  by  investigating  hydrogen-deuterium  exchange 
reactions.40*’40®  Frequently,  the  fully  deuterated  species  is  the  major  product,  followed 
by  the  singly  deuterated  species  while  products  of  intermediate  degree  of  deuteration 
are  formed  only  to  a much  smaller  extent.  Such  studies  wore  also  performed  in  an  elec- 
trocatalytie  system,  and  analogous  results  were  obtained.400  In  the  elcctrocatalytic 
work,  the  percentage  of  the  fully  deuterated  product  was  even  higher  than  in  the  gas- 
phase  studies.  A slight  dependence  of  the  percentage  of  the  fully  deuterated  product 
on  the  potential  was  also  observed.  These  results  suggested  that  C-H  and  C-cataly«t 
bonds  are  made  and  broken  easily  and  that  the  rate-determining  step  in  the  electrocute- 
lytic  oxidation  of  hydrocarbons  can  be  expected  to  be  some  reaction  step  which  is 
clouer  to  the  end  product,  carbon  dioxide. 

The  adsorption  and  oxidation  of  saturated  hydrocarbons  on  platinum  elec- 
trodes was  also  extensively  investigated  by  Brummer  and  coworkors.401*411  From 
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anodic  charging  curves  the  charge  required  to  oxidize  the  adsorbed  material  was 
determined.  From  cuthodic  galvanostutiu  pulse*  the  extent  to  which  the  electrode 
was  covered  with  irreveraibly  adsorbed  material  was  found.  The  measurement*)  also  per- 
mitted the  determination  of  the  number  of  electrons  per  adsorption  site  which  are  in- 
volved in  the  oxidation  of  the  adsorbate.  These  investigations  showed  that  in  the  clec- 
trocatalytic  oxidation  of  hydrocarbons  on  platinum  there  are  three  types  of  intermedi- 
ate*; which  were  designated  as  CH-a,  CH/J,  and  O-type.  CH-u  can  be  cathodieally  de- 
sorbed. It  is  believed  to  consist  of  adsorbed  alkyl  radicals.  The  amount  of  CH-a  in- 
creases with  increasing  molecular  weight  of  the  hydrocarbon.  There  is  no  CH-a  forma- 
tion wher  methane  is  adsorbed.  The  CH-/J  material  is  not  cathodieally  desorbuble,  and 
its  amount  is  greater  the  higher  the  molecular  weight  of  the  hydrocarbon.  CH-0  is 
unreactive  toward  oxidation  and  is  believed  to  be  a carbonaceous  polymer.  The  O-type 
species  is  the  major  constituent  of  the  adsorption  layer  in  terms  of  coverage*.  Its  oxida- 
tion state  and  the  fuel  that  it  cannot  be  cathodieally  dcsorhed  indicate  that  it  is  an  oxy- 
genated species  und  is  believed  to  be  similar  to  reduced  COj  ,4IJ  In  the  case  of  methane 
adsorption,  Cll-a  Is  not  formed  but  only  the  O-type,  This  shows  that  the  C,  species, 
once  formed,  is  rapidly  transformed  Into  the  O-type.  In  this  context,  it  is  worthwhile  to 
mention  that  recent  ultra-high-vueuum  studies  indicate  that  very  clcun  platinum  surface-; 
have  little  ability  to  adsorb  oxygen,  but  carbon-contaminated  platinum  adsorbs  oxygen 
readily.41*  4,4  After  this  comment,  let  us  return  to  the  discussion  of  Drummer's  work. 

In  their  early  papers,  Drummer  und  coworkers  were  under  the  impression  that  the  cov- 
erage by  O-lype  species  is  insensitive  to  the  hydrocarbon  pressure.  This  led  to  the  con- 
clusion that  the  O-type  species  wus  a posion  which  lowers  the  availability  of  eatulysl 
surface  for  u main  oxidution  process.  It  is  quite  probublc  that  the  O-typc  species  cor- 
responds to  Gllmun's4,,‘4‘7  and  Nicdruch’s41,‘4*4  type  I species.  Consequently,  viewing 
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the  O-type  as  a poison  was  incompatible  with  the  earlier  findings  of  Gilman  and  Nied- 
rach.  However,  Brummer  and  coworkers411  418  found  i^ter  that  the  O-type  coverage  is 
dependent  on  the  hydrocarbon  pressure  and  suggested  thst  the  following  reaction  steps 
take  place  at  potentials  below  0.35  volti  Hydrocarbon  “*£»»„, , CHa  ■*  O-type,  O-type  ■+ 
GO)  with  the  oxidation  of  O-type  being  the  rate-determining  step.  At  higher  potentials, 
the  adsorption  of  the  hydrocarbon  was  suggested  to  be  rate  determining. 

Bockris  el  al,4M  investigated  the  electrocatalytic  oxidation  of  saturated  hydrocar- 
bons by  determining  current  potential  relationships  as  well  as  the  rates  of  oxidation  as 
a function  of  hydrocarbon  pressure  and  of  the  water  concentration  in  the  electrolytu. 
Linear  Tafel  lines  were  found  for  the  region  from  0.28-.048  volt  having  a slope  of  F/RT, 
as  well  as  first -order  dependence  on  hydrocarbon  pressure  and  aero-order  dependence 
on  the  water  concentration.  Upon  admission  of  the  hydrocarbon,  a current  waa  found 
to  paas  across  the  electrode,  indicating  dissociative  adsorption,  followed  by  oxidation  of 
the  dissociated  hydrogen  atoms  to  protons.  Bockris  tl  al.  derived  the  kinetic  parame- 
ters of  15  possible  reaction  schemes  and  compared  them  with  the  observod  ones.  Con- 
sidering that  a Tafel  slope  of  F/RT  excludes  any  reaction  step  as  the  rate-determining 
step  which  is  during  or  after  the  third  electron  transfer  and  also  taking  the  reaction  or- 
ders into  account,  it  was  concluded  that  the  cracking  (C-C  bond  cleavage)  of  the  disso- 
datively  desorbed  hydrocarbon  is  the  rate-determining  step.  This  conclusion  is  not  in 
agreement  with  the  work  of  Gilman, 4*°‘4M  Niedraeh,4M■4,,  and  Brummer4*7-441  who 
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found  that  the  oxidation  of  a partially  oxidised  Ct  apeciea  is  the  rate-determining  step. 
Bockria443  feels  that  it  is  not  clear  why  different  results  were  found  by  him  and  the 
other  workers.  Brummer443  sees  no  conflict  between  his  results  and  those  of  Bockris 
et  al.  because  his  work  refers  to  the  potential  region  below  0.35  volt  while  much  of  the 
work  of  Bockris  refers  to  the  region  above  0.35  volt  where  the  coverage  by  adsorbed 
hydrocarbons  becomes  low. 

The  electrocatalytic  oxidation  of  unaaturated  hydrocarbons  was  studied  extensive- 
ly by  Bockria  and  coworkers444*44*  by  determining  current-potential  relationshipa.  These 
investigations  were  carried  out  with  sulfuric  acid  and  with  sodium  hydroxyde  as  electro- 
lytes at  80*C.  The  highest  exchange  current  densities  were  obtained  with  platinum,  and 
the  electrocatalytic  oxidation  of  8 different  unaaturated  hydrocarbons  was  studied  on 
this  metal.44*  This  will  be  discussed  in  the  following  paragraph.  Subsequently,  the  in- 
vestigations of  othene  oxidation  on  other  noble  metals  will  be  described.410  4,1 

With  platinum  olectrocatalyata,  the  faradaic  efficiency  for  oxidation  to  carbon  di- 
oxide was  found  to  be  100#  with  ethene  and  nearly  100#,  or  quite  high,  with  the  other 
unaaturated  hydrocarbons.  The  activation  energies  for  the  unaaturated  hydrocarbons 

(Continued) 
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investigated  were  in  the  range  between  20  und  24  Keal/mole.  Unear  Tafel  lines  were 
round  in  the  region  from  about  0.3  volt  up  to  0.75  volt.  Above  0.75  volt,  a limiting 
eurrent  was  reuehed.  At  potentials  higher  tbun  0.95  volt,  the  eurrent  dccrcuscd  with 
increasing  potentiui  whieli  wus  attributed  to  pussivution  of  the  eleetrode  due  to  the  for- 
mation of  an  oxygen  layer.  Experiments  at  different  hydrocarbon  pressures  led  to  the 
interesting  result  that  the  current  density  (rate)  decreased  with  increasing  hydrocarbon 
pressure  (negative  reuetion  order).  From  the  observed  Tafel  slope,  it  eouid  be  conclud- 
cd  that  a first-charge  transfer  step  should  be  the  rate-determining  step.  The  negative 
hydrocarbon  pressure  dependency  indicated  that  the  rate-determining  step  involves  a 
substance  other  than  the  hydrocarbon,  namely,  the  oxidising  species  which  could  be 
wuter  or  hydroxide  ions.  Since  the  dependence  of  the  current  density  on  the  pH  was 
found  to  be  linear  in  the  pH  range  from  0.3  to  12.5,  the  hydroxide  ion  could  be  exclud- 
ed. Consequently,  the  com  lusion  was  drawn  that  the  discharge  of  water  (IIjO  •*  Ollaga 
+ H*  + e)  was  the  rate-determining  step  in  the  rleetrocatalytic  oxidation  of  unaaturated 
hydroeurbon  on  platinum  electrodes,  Kinetic  isoto|>c  effect  studies  with  DjO  and 
l)aS04  as  electrolyte  supp<irt  this  conclusion.411 

In  uddition  to  platinum,  the  elcctrocatulytic  oxidation  of  ethene  was  studied 
with  palladium,  rhodium,  Iridium,  ruthenium,  gold,  and  nohlc  metal  alloy  electrodes. 
Except  with  gold,  the  lincur  Tafel  regions  were  shorter  because  the  limiting  current  re- 
gion was  reached  at  lower  potentials.  At  the  same  potentials,  oxygen  coverage  begins 
which  Is  fairly  good  evidence  that  (he  limiting  current  densities  ant  reached  because  of 
the  oxygen  layer  formation.  In  contrast  to  platinum,  a positive  dependence  of  the 
current  density  on  the  hydrocarbon  pressure  was  found.  This  indicated  that  the  ethene 
is  involved  in  the  rate-determining  step.  Investigations  of  isotope  effects  using  DaO 
und  UaS04  as  electrolyte  indicated  that  the  oxidising  species  is  also  involved  in  the 
rule-determining  step  411  (Consequently,  it  was  proposed  that  the  surface  reaction  be- 
tween adsorbed  ethene  and  dissoeiatively  adsorbed  water,  i.c.,  adsorbed  hydroxyl 
groups,  was  the  rale -determining  step  on  the  metals  other  than  platinum.  With  palladi- 
um and  gold,  considerable  partial  oxidation  of  ethene  to  uci  (aldehyde,  ucclon,  und  pro- 
pionuldrhydc  was  found,  while  rhodium  und  iridium  eutalysed  mainly  the  complete 
oxidation  to  curbon  dioxide. 

The  eleetroeululytie  oxidution  of  ethene  on  gold  electrodes  was  investigated  ulso 
by  Johnson  el  at,***  in  strongly  acidic  electrolytes,  they  observed  only  uccluldehydc 
and  no  curbon  dioxide  formation  and  did  not  find  a pll  effect.  They  suggested  that 
these  results  could  he  understood  with  a mechanism  in  which  the  rate-determining 


^A.  T.  Kuhn,  II,  M'roltlowa,  mid  J.  O'M.  Bm-krls,  Trails.  Farads y Sim:., $3, 1458(1967), 
4'''*A.  T.  Kuhn,  II.  Wrublowa,  and  J.  O'M,  llix'kri*.  Trans,  Faraday  Sop.,  43, 1458(1967). 
41 4J.  W,  Jnlimam.  S.  C,  I, a!,  and  W.  J.  James,  Klrrtrorhlmira  Acta,,  A3,  151 1 (1970). 
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surface  reaction  it)  preceded  by  un  electron  transfer  leading  to  tm  adsorb'd  curbonium 
ion,  u»  considered  previously  by  Duhnis  and  Boekris.4*4*  It  wus  suggested  that  the  ear- 
bonium  ion  formation  muy  occur  due  to  the  high  positive  potentials  at  which  oxidation 
takes  place  on  gold  anodes. 

Boekris  and  coworkers  rationalised  the  eleetrocatalytie  activity  of  the  noble  metals 
and  their  alloys  in  ethonc  oxidation  by  considering  competition  between  water  and 
cthcnc  for  adsorption  sites  and  by  taking  Into  account  the  adsorption  strengths  of 
ethene  and  the  hydroxyl  groups,  l.c„  of  metal-carbon  and  metal  oxygen  bonds.411  The 
bond  strengths  were  calculated,  following  Eley,4*4  with  the  Pauling  equation411  where- 
by one-sixth  of  tho  heats  ot  sublimation  of  the  metals  were  taken  aa  the  values  for  the 
metal-metal  bond  strengths.  A volcano  curve  resulted  with  gold  on  the  ascending  branch 
due  to  amall  coverages  particularly  in  hydroxyl  groups  while  iridium,  rhodium,  and  ru- 
thenium wore  on  the  descending  branch  because  of  high  coverages  in  hydroxyl  groups 
and  relatively  higher  mctal-oxygcn  and  metal-carbon  bond  strengths,  With  platinum,  Ihc 
coverages  with  both  ethene  and  hydroxyl  groups  as  well  as  (he  bond  strengths  are  at  an 
optimum  and,  therefore,  the  surface  reaction  becomes  so  fast  that  water  discharge  takes 
over  as  the  rate-determining  step, 

In  the  interpretation  of  their  results,  associative  adsorption  of  the  unsaturated  hy- 
drocarbons was  assumed  by  Boekris  and  eoworkers.  Associative  adsorption  was  indicat- 
ed by  the  fact  that  different  kinetics  was  found  in  the  eleetrocatalytie.  oxidation  of 
ethene  and  acetylene, 4M  If  ethene  would  adsorb  dissociatively,  tiie  adsorbed  species 
would  resemble  acetylene  und  similar  kinetics  could  be  expected.  Calculations  also 
made  it  likely  thut  in  eleetrocatalytie  systems  associative  chemisorption  of  unsaturated 
hydrocarbons  should  be  thermodynamically  more  fuvorublc  than  dissociative  adsorp- 
tion.4** Another  argument  for  associative  chemisorption  was  that  a transient  current 
was  found  upon  chemisorption  of  saturated  hydrocarbons  (electrons  due  to  the  reaction 

"*  + e)  but  not  with  cthcnc.4*0  Gilman,441  ***  however,  did  find  transient  cur- 

rents upon  adsorption  of  ethene  and  concluded  that  cthcnc  is  dissociatively  adsorbed 
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forming un  acetylenic  residue.  Hr  reached  thin  conclusion  also  on  (he  basis  of  the  simi- 
larity of  the  truces  of  unodic  sweeps  of  ethnic  and  acetylene  adsorbed  on  platinum 
electrodes.  However,  Niedrueli463  did  not  observe  any  wave  in  the  oxidation  curves 
which  could  be  attributed  to  hydrogen  which  indicates  that  under  his  experimental 
conditions  little  or  no  dissociative  ethnic  adsorption  occurred.  On  the  other  hand,  the 
volumetric  measurements  of  Niedraeh  showed  (hut  some  of  the  ethcnc  adsorbed  was 
hydrogenated  to  ethane  which  is  only  possible  If  some  dissociative  ethcnc  adsorption 
had  taken  place.  The  question  whether  associative  or  dissociative  adsorption  of  olefins 
is  taking  place  on  eleclrocatulysts  seems  undecided.  Also,  in  regular  gas-phase  catalysis, 
the  mode  of  adsorption  of  unsaturated  hydrocarbons  was  very  much  discussed  for  a 
long  time, 444'4**  Infrared  work  indicates  that  both  associative  and  dissociative  adsorp- 
tion take  place.  Which  kind  of  adsorption  dominates  depends  on  (he  temperature,  pro- 
adsorption  of  hydrogen,  and  the  relative  activity  of  the  catalyst.470  4,1 

f.  Comparison  of  Some  Raaulta  in  the  Gaa  Phase  and  Elect rocatalytic  Oxi- 
dation of  Hydrocarbons.  Before  the  1 960'*,  the  oxidation  of  hydrocarbons  on  group 
VIII  noble  metal  catalysts  was  not  studied  to  a great  extent  probably  because  the  com- 
plete oxidation  to  carbon  dioxide  and  water  was  the  only  reaction  found?7*  4T*  After 
Kemball  and  no  workers474  471  observed  that  some  partial  oxidalions  also  occur,  intercat 
increased  and  several  research  groups  investigated  this  subject  during  the  last  10 
years.474'4*4  In  the  same  (teriod,  tin*  field  of  electroeutalysix, emerged,  This  term  was 
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used  for  the  first  time  in  1963, 4,1  Because  of  the  interest  in  fuel  cells,  considerable  ef- 
fort was  devoted  to  the  electrucatalytic  oxidation  of  hydrocarbons.4*4'*17  The  gas  phase 
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wild  eleetroeatalytie  work  on  hydrocarbon  oxidation  led  to  related  results  and  conclu- 
sions, but  few  correlations  were  made.  It  is  the  purpose  of  this  section  to  correlate 
some  of  the  results  found  in  these  areas  of  investigation.  Since  the  results  are  not  eon* 
elusive  in  the  gas  phase  or  in  the  eleetroeatalytie  oxidation,  it  can  be  hoped  that  an  in- 
creased exehunge  of  ideas  between  these  fields  will  further  the  understanding  of  the 
processes  involved. 

Before  discussing  these  subjects  in  some  detail,  let  us  compare  the  gas  phase  and 
eleetroeatalytie  oxidation  of  hydrocarbons  in  u general  way.  In  eleetroeatalytie  systems 
such  as  fuel  cells,  oxygon  is  brought  in  contact  with  the  clcctrocatalyst  at  the  cathode. 
There,  adsorption  and  reduction  of  the  oxygen  takes  plaee  whereby  water  is  formed  in 
systems  having  acid  electrolytes.  The  hydrocarbons  are  brought  in  contact  with  the 
eleetronatalyat  at  the  anode  und  am,  after  adsorption,  oxidised  by  adsorbed  water  from 
the  electrolyte,  Thus,  the  electron  receiving  and  producing  processes  are  completely 
separated  and  much  of  the  energy  releusod  in  the  hydrocarbon  oxidation  can  be  gained 
as  electrical  energy.  In  gas  phase  catalysis,  the  hydrocarbon  and  oxygen  adsorb  and  re- 
uct  on  the  same  catulyst  surface.  Often,  the  reduction-oxidation  mechanism  was  found 
to  take  place.1  This  mechanism  wus  established  muinly  with  oxide  catalysts  but 
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applies  also  to  metal  catalysts.  According  to  this  mechanism,  the  oxygen  becomes  ad- 
sorbed and  reduced  at  some  surface  sites  while  the  hydrocarbon  adsorbs  and  resets  at 
other  sites.  Thus,  in  gas-phase  catalysis,  electron  receiving  and  producing  reaction  steps 
are  separated  as  well,  but  in  a microscopic  scale.  Since  there  is  a ‘‘chemical  short  cir- 
cuit" In  this  case,  the  energy  is  evolved  as  heat,  but  mechanistically  there  is  considera- 
ble analogy  between  such  a hydrocarbon  oxidation  process  and  the  eiectrocatalytic  oxi- 
dation in  fuel  cells. 

Now,  let  us  discuss  some  of  the  results  in  gas  phase  and  eiectrocatalytic  oxidation 
of  hydrocarbons  on  group  VIII  noble  metals  and  gold.  Kemball  and  coworkeraIM  m 
and  Hall  and  coworkcrs1*7'*41  studied  the  catalytic  gas-pha^  oxidation  of  olefins  on 
such  catalysts  and  found  that,  in  addition  to  the  complete  oxidation  to  carbon  dioxidu 
und  water,  partial  oxidation  can  occur.  With  ethylene  the  partial  oxidation  results  in 
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the  formation  of  sonic  acetic  acid  which  is  not  further  oxidized  and  poisons  the  catalyst. 
This  inertness  of  the  adsorbed  acetic  aeid  against  oxidation  indicated  t hut  the  acetic 
acid  is  not  an  intermediate  in  the  oxidation  process  which  leads  to  carbon  dioxide  and 
wuter  and,  thus,  partial  and  complete  oxidution  are  not  consecutive  but  parallel  reactions. 

Very  little  was  known  about  the  reaction  mechanism  of  the  complete  oxidation 
process  but  recently  some  observations  were  made  in  gas  phase  work*41  which  support 
the  idea  that  the  formation  of  single  carbon  fragments  is  a very  important  step.  For  in* 
stance,  while  acetic  acid  poisons  the  catalyst,  formic  acid,  u C|  species,  wus  found  to  he 
rupidly  and'eompletely  oxidized?4*  decent  work  in  the  oxidution  of  propylene  *up- 
|M>rls  this  idea.144  On  rhodium,  ruthenium,  and  gold,  considerable  purlial  oxidation  to 
uerolein  wus  found,  but  with  iridium  mainly  carbon  dioxide  und  ueetie  ueid  were  formed. 
Kxperimcnts  with  14 f'.  luheli  d propylene  showed  convincingly  that,  on  iridium,  cleuvugc 
of  the  double  bond  occurs.  The  fragments  formed  hy  breaking  of  the  double  bond 
are  then  rapidly  oxidized  to  carbon  dioxide  ami  wuter.  while  the  multiple  curtain  frag- 
ments urc  more  difficult  to  oxidize  and  can  become  stabilized  by  (lie  formation  of  the 
ueetie  ueid. 

These  observations  ami  conclusions  agree  with  u lurge  body  of  information  ob- 
tained in  the  clcclrocutulytlc  oxidation  of  hydroeurbons  in  systems  with  ueid  electro- 
lytes. tsing  the  multipulse  potent iodynumlc  technique,  Oilman, M*‘MT  Miedrucli  and 
coworkers, *4,‘HI  und  Burshtcin  et  «/,*M‘**4  observed  that  the  oxidation  of  hydrocar- 
buns  on  platinum  electrodes  takes  place  in  two  different  potential  regions,  one  below 
unit  one  above  O.H  volt  (vs.  the  reversible  hydrogen  reference  electrode).  With  ethane. 
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propane,  or  higher  hydrocarbons,  a well-defined  oxidation  peuk  at  potentials  below  O.B 
volt  and  u more  diffuse  peak  at  higher  potentials  were  found.  With  methane,  a C,  hydro- 
carbon, only  the  peak  at  low  potentials  was  observed.  These  findings,  us  well  as  the  co- 
incidence of  the  position  of  the  well-defined  oxidution  wave  in  the  lower  potentiul  re- 
gion with  the  oxidution  waves  of  C,  species  such  us  formic  acid  und  “reduced  C0a  ,"MS 
led  to  the  conclusion  that  the  easily  oxidized  species  giving  rise  to  the  wave  ut  low  po- 
tentials in  it  C,  species  which  was  termed  type  l,1**'**1  This  type  1 species  is  believed  to 
be  partially  oxidized  because  it  was  found  to  be  not**3  or  not  as  readily11*  desorbuble  by 
u cathodic  pulse  us  the  adsorbed  species  which  gives  rise  to  the  wave  ut  potentials  above 
O.B  volt.  The  latter  species  is  referred  to  us  “type  II, “ This  type  II  species  can  be  com- 
pletely desorbed  by  u cuthodic  pulse  which  led  to  the  conclusion  thut  it  consists  of  par- 
tially dehydrogenuted,  multiple-carbon  hydrocarbons,  Also  work  by  Brummer  und  co* 
workers164’111  indicated  that  a partially  oxidized  Ct  species,  termed  "O-typc,"  pluys  un 
important  role  in  the  elcctrocutulytic  oxidution  of  hydrocarbons. 

The  elcctrocutulytic  oxidution  of  unsuturuted  hydrocurbon  was  studied  extensive- 
ly by  Hnckris  and  co  workers11*  '17?  by  determining  current  potentiul  relationships.  The 

R,MJ,  (Siner,  Kleelrochim.  Aria,  fl,  857(1963). 

M6S,  Oilman, Trana.  Faraday  Sun.,  M.  2546,  2361  (1965), 

8#7S,  Oilman,  J,  Klertruehcm.  Sue..  1 13.  1036  (1966), 

M«S,  Oilman,  "Hydrocarbon  Furl  Cell  Technology,”  id.  S,  Baker,  Academic  Prcua,  New  Ynrk>l,undan  (1965),  p,  349. 

SS^I„  W,  Nledrach,  “Hydrocarbon  Pud  Oil  Tcchiioluay,"  i-d,  S,  baker,  Academic  Preas,  New  Yurk>l,ondon(1965), 
p 377. 

W,  Nledneh,  S.  Oilman,  anal  J.  Welndock,  J,  Klcctruehcm,  Sue,  JJJ[,  1 161  (1965), 

®**l„  W.  Nledrach,  J,  Kk'clroehem,  Sue..  1 1 3. 6-15  ( 1966k 

Oilman,  Trana,  Faraday  Sor„  61. 2540,  2561  (1965), 

563l„  W.  Nledrach,  J,  Klcclruchcm.  Sot-.,  Ujl,  645  (1966). 

***.  II.  Unumnrr.  J.  I.  Kurd,  and  M,  J,  Turner,  J,  Phy*.  Chem.,  fti,  3424(1965), 

8,  Hrummcr  mid  M.  J,  Turner  In  "Hydrocarbon  Pact  Cell  Technology,"  D,  S,  Backer,  Kd„  Academic  I’reaa,  lnr„ 
New  York  (1963).  pane  409. 

566S.  II.  Drummer  and  M,  J.  Turner,  J.  Phv»,  Ohrm.,  II,  2H23  ( I '>67);  Ibid,  II,  3494(  1967);  Ibid,  1L  3902  ( 1 967), 
8h7S,  II.  Drummer  In  "Advaneea  In  Chemialry  Sene* 90,"  American  Chemical  Society  ( 1969),  page  223, 
n6HA.  II,  Tuylor  ami  S.  II.  Drummer,  J.  PhyaChem..  72,  2356  C 968  ),i6d,  U,  2397(1969). 

8^ll.  Dahmaaral  j,  O'M,  Hoekrle,  J,  Klerlroehem,  Soc.,  III.  No,  6,  728(1964). 

B70l  O’M,  Doekrla  aid  II.  Wrohlowa,  J.  P.leelroanal.  Chem.,  I,  42H  (1964), 

fl7,.l.  O'M.  Buekrla,  II.  Wrohlowa,  P.  Olleadl,  Slid  B.  J.  Plenana,  Faraday  stir.  Tran»,,.fti,  2531  (1965), 

R73ll,  Wrohlowa,  Bernard  J.  I'lcrama,  and  J.  O'M,  tlockrl*.  J.  Fleclroaiial.  Chem.,  ft,  401  (1963), 
ai,,A,  T,  Kuhn.  II.  Wrohlowa,  and  J,  O'M.  Borkria,  Train,  Faraday  Sor„  ftfl,  1458  (1967). 


62 


results  obtained  mid  conclusions  made  art*  similar  lo  those  in  gas-phase  ruialy  tic  oxida- 
I ion  of  unsalurntcd  hydrocarbons. 874  844  This  will  In;  hr  icily  outlined  in  the  following 
paragraphs.  In  hath  holds,  a negative  dependence  of  the  rates  on  the  olefin  pressure 
was  observed  in  the  cast!  of  platinum  catalysts  or  electroeatalysts  respectively.  Conse- 
quently, it  was  concluded  in  gas  phase  as  well  as  clcctrocutalysis  that  coverage  by  olefins 
on  platinum  is  extensive  and  that  the  rate-determining  stop  tin  this  metal  involves  tin: 
oxidizing  species  only.  Thus,  for  the  eleetrocutalytic  olefin  oxidation,  the  oxidative  ad- 
sorption of  water  from  the  electrolyte  to  yield  an  adsorbed  hydroxyl  group  was  suggest- 
ed to  he  ruto  determining.  88s‘889  In  the  gas-phuse  studies,  tin;  adsorption  of  oxygen  was 
proposed  to  be  the  rate-determining  step  with  catalysts  like  platinum  or  palladium 
where  negative  reaction  orders  in  olefin  were  found.890  891  The  activation  energies  for 
the  oxidations  of  various  olefins  were  found  to  be  in  the  range  from  20-24  Kcal/molc 
in  the  clcctrocataiytic.  and  from  17-23  Keal/mole  in  the  gas-phase  work.89*’407  The 
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similarity  of  the  activation  energy  values  in  these  two  areas  is  surprising  considering 
that  different  oxidizing  species  are  believed  to  be  involved.  In  contrast  to  the  results 
with  platinum,  positive  dependencies  of  the  rates  on  the  olefin  pressure  were  found 
with  rhodium  and  iridium  in  gas  phase  as  well  as  eleetroeatalytic  work. 

The  selectivity  of  catalysts  in  olefin  oxidation  are  quite  similar  in  gas  phase  and 
electrocatalysis.  Platinum  is  always  very  little  selective,  i.e.,  it  promotes  mainly  the 
complete  oxidation.60®'453  Palladium  is  quite  selective  in  the  gas  phase  as  well  as 
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electrocatalysis.414'480  With  gold,  a somewhat  higher  selectivity  was  found  in  electro- 
catalysis than  in  the  gas-phase  work.  Rhodium  was  found  in  both  fields  to  be  quite  un- 
selective  in  the  oxidation  of  ethylene;481  488  however,  in  propylene  oxidation,  rhodium 
us  well  as  ruthenium  and  gold  showed  considerable  selectivity  in  gas-phase  work.  ThiB 
selectivity  in  the  case  of  propylene  oxidation  appears  to  be  due  to  the  formation  of  a 
symmetric  allylic  intermediate  which  is  evidenced  by  kinetic  isotope  effects  observed 
with  deuterated  propylenes.488  484  Such  intermediates  are,  of  course,  not  possible  with 
ethylene.  No  data  on  electrocatalytic  oxidation  of  propylene  on  noble  metals  other 
than  platinum  were  found  in  the  open  literature.  The  selectivity  of  palladium  for  cata- 
lytic gas-phase  oxidation  of  ethylene  was  found  to  increase  with  the  oxygen  coverage 
of  the  catalyst.484  In  connection  with  this  observation,  it  is  interesting  that  in  the  elec- 
trocatalytic oxidation  of  ethylene  on  palladium  a higher  selectivity,  i.e„  more  of  the 
partial  oxidation  products,  was  found  when  the  experiments  were  carried  out  at  0.8 
volt  than  at  0.6  volt.484  Since  palladium  is  more  oxidized  at  0.8  volt  than  at  0.6  volt, 
it  seems  possible  that  the  different  aeiectivities  are  also  in  the  electrocatalytic  oxidation 
due  to  the  oxygen  coverages. 

In  gas  phase  catalysis,  so-called  moderators  are  used  when  it  is  desired  to  suppress 
the  complete  oxidation  of  hydrocarbons  and  obtain  a better  yield  in  partially  oxidized 
products.  This  subject  was  reviewed  by  several  authors.487'48*  Electronegative  species 
like  chlorine,  bromine,  iodine,  sulfur,  selenium,  and  tellurium  or  their  compounds  have 
moderating  effects.  In  the  oxidation  of  ethene  to  ethene  oxide  on  silver  catalysts, 
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moderators  have  a great  technological  importance.  It  wuh  shown  that  the  moderators 
are  preferentially  adsorbed  and  affect  the  oxygen  adsorption.6*0  Too  much  of  the 
moderator  will  destroy  the  catalytic  activity  of  the  surface.  The  oxidation  of  methane 
on  platinum  group  catalysts  usually  leads  to  complete  oxidation.  However,  in  the  pres- 
ence of  halomethanes  some  partial  oxidation  to  formaldehyde  was  recently  observed.641 
These  halomethanes  adsorb  diaaociatively  on  the  catalyst  surface  thus  forming  adsorbed 
halogens.641  These  occupy  sites  otherwise  available  for  oxygen  adsorption  and  may 
cause  oxygen  deficiencies  near  hydrocarbon  oxidation  sites.  Furthermore,  the  adsorp- 
tion of  such  electronegative  species  will  increase  the  work  function  of  the  catalyst 
which  will  adversely  affect  the  oxygen  adsorption. 

Analogous  observations  were  made  in  eleetrooatalysis.  The  presence  of  anion* 
such  as  halides  reduced  the  rates  of  eleclrocatalytic  oxidation  of  fuels  such  as  hydrogen,643 
methanol,444  carbon  monoxide,441  and  ethane.4*6  The  influence  of  these  unions  depends 
on  the  udsorbabilityt  thus,  with  platinum  electrodes  iodide  is  more  effective  thun  bro- 
mide which  in  turn  is  more  effective  than  chloride. 647  In  actual  fuel  cells,  the  specific 
udsorbubility  of  the  electrolyte  unions  was  found  to  have  an  influence  on  the  fuel-cell 
performance.  Thus,  higher  current  densities  were  found  in  the  ele-trocatulytie  oxida- 
lion  of  ethane  when  perchloric  acid  was  used  as  electrolyte  instead  of  phosphoric  ucid.646 
Best  results  were  obtained  with  hydrofluoric  acid,640'641  but  Russian  workers  did  not 
confirm  this.443  Double-luyer  effects  and  fuel  solubility  in  the  electrolyte  will  contribute 
to  the  influences  asserted  by  the  electrolyte  on  the  rates.  (These  subjects  are  not  includ- 
ed in  this  discussion  because  they  have,  no  counterpart  in  gas  phase  catalysis.) 
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The  similarities  between  gas  phase  and  clcctrocatulytic  hydrocarbon  oxidation,  out- 
lined above,  are  remarkable  considering  that  different  oxidizing  species  are  believed  to 
be  involved  in  these  two  ureus.  Also,  the  Htatc  of  the  cutulyst  surfaces  is  different.  In 
the  gus  phase  eatalytic  oxidation,  there  is  considerable  coverage  of  the  noble  metal  cata- 
lysts by  oxygen  and  the  chemisorbed  oxygen  is  generally  believed  to  be1  the  oxidising 
species.  In  the  clcctrocataiytic  oxidation,  the  surfaecs  of  the  noble  metal  eleetroeuta- 
lysis  are  not  covered  by  oxygen  at  the  potentials  where  most  of  the  hydrocarbon  oxida- 
tion occurs,  and  adsorbed  water  is  the  oxidising  species.  Water  is  known  to  play  u role 
us  oxidizing  species  not  only  in  the  clcctrocatulytic  oxidation  but  also  in  certain  bio- 
chemical oxidation  mictions.  However,  it  has  not  been  considered  in  the  past  as  un  oxi- 
dizing species  in  gus-phasc  heterogeneous  catalytic  oxidation.  Therefore,  it  is  interesting 
that  recently  two  research  teams6*1  614  found  strong  indications  that  water  is  involved 
in  (he  heterogeneous  cutalytic  oxidation  of  hydrocarbons  on  palladium  and  platinum. 
Sciyama  <*/  al.iU  showed  that  the  rate  of  the  vapor  phuse  oxidation  of  mixtures  of  pro- 
pane, oxygen,  water,  and  nitrogen  at  IOOeC  is  strongly  dependent  on  the  partiul  pres- 
sure of  water.  These  authors  also  recognized  (hut  water  plays  a role  in  the  oxidation  of 
olefins  on  palladium  and  platinum  catalysts  suspended  in  aqueous  solutions.  Plutiiium 
catalyzed  mainly  (he  complete  oxidation,  while  with  palladium  partial  oxidation  also 
wus  found.  Moro-oka  el  ai.ut  investigated  the  oxidation  of  propylene  on  palladium 
using  mixtures  of  propylene,  oxygen,  and  ,#0  labeled  water.  They  found  that  the  oxi- 
dution  of  this  olefin  on  a palladium  catalyst  took  place  according  to  the  following  reac- 
tion scheme  in  which  A stands  for  olefin:  A + 1/2  Oa  + 11*0*  ■*  A0#  + HjO.  These 
authors  demonstrated  that  exchange  reactions  urc  not  responsible  for  the  fact  that  the 
oxygen  from  the  water  uppeared  on  the  olefin.  Therefore,  il  was  concluded  that  the 
water  oxidized  the  olefin  and  gas-phase  oxygen  was  reduced  to  water.  Thus,  a mecha- 
nism of  heterogeneous  eatalytic  gas-phase  oxidation  was  found  which  corresponds  to 
the  mechanism  of  clcctrocatulytic  hydrocarbon  oxidation  in  which,  us  discussed  before, 
the  hydrocarbons  urc  oxidized  on  the  anode  by  adsorbed  water  and  the  oxygen  is  re- 
duced on  the  cathode  whereby  water  is  formed,  Confirmation  of  then:  findings  of 
Sciyama  etui  and  Moro-oka  el  nl.  by  other  investigators  would  he  desirable. 

In  hydrocarbon  oxidation  without  intentionally  added  water,  a related  mechanism 
cun  be  visualized.  On  catalysts  such  as  platinum  und  pulludiutn,  dissociative  udsorplion 
of  ulkuncs  bus  been  widely  observed.  Infrared  spectroscopy  work  shows  that  at  the 
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temperatures  under  consideration  4*xI<*mm»V4*  dissociative  adsorption  ol'  olefins  eun  he  ex- 
perted  also.*57  4,8  The  u«lmt»rb4*<l  hydrogen  uloms  formed  by  dissociative  adsorption  of 
Ihi'  liydroiurbons  will  r<'uct  with  udsorbcil  oxygen  at  considerably  higher  rates  than 
with  the  udsorbed  hydrocarbons.  This  eun  be  concluded  from  the  low  temperatures  ut 
which  hydros'll  oxidation  occurs  on  tin1  surfaces  of  platinum  metals,**®  us  well  us  from 
tin*  fuel  that  sc  Ifliydrogcnutinns  sneli  us  4ibserved  under  nonoxidi/.ing  conditions  do  not 
occur  during  oxidution  reactions. ®*°  The  reaction  between  the  adsorbed  hydrogen 
atoms  und  udsorbed  oxygen  will  result  in  surface  hydroxyl  groups  which  inuy  play  u 
role  in  the  oxidation  of  hydrocurbons  us  is  the  east*  in  the  clcctrocutulytic  oxidution. 

The  formulion  of  hydroxyl  groups  on  plutinom  by  relictions  of  oxygen  with  hydrogen 
adsorbed  on  plulinum  was  recently  shown  with  infruri‘d  techniques.**1  Activity  of 
these  hydroxyl  groups  in  the  oxidution  of  ethene  was  recently  observed.*** 

The  results  dinctisstul  in  this  (diupter  leud  to  the  conclusion  that  the  r4*u<‘t  ion  rncch- 
unistns  of  gus-phusc  und  oloctroeutuly  t io  oxidution  of  hydrocarbons  rnuy  be  more  closely 
r4'lut4'd  thun  assumed  in  the  pust.  Before  closing,  it  seems  pertinent  to  discuss  the  ques- 
tion of  dissociutiv4*  udsorption  of  wuter.  In  elcctrocutulysis,  the  oxidising  species  is 
formed  on  the  unode  by  udsorption  of  water  (IIjO  -*  Oil  + IT  + e).  This  rcuclion  is 
thermodynumieully  more  favorable  thun  the  dissociative  adsorption  id'  water  from  the 
gus  phase  becuusc  the  solvation  energy  of  the  proton  is  high.  Dissociative  udsorption  of 
wuti'r  from  the  gus  phase  was  observed  on  tungsten.**3  With  plutinum,  the  results  an1 
not  conclusiv4!.  Changes  of  the  surfucc  potential  of  utomicully  dean  (1 10)-oriented 
plutinum  films  upon  exposure  to  water  ure  believed  to  be  due  to  dissociative  udsorption 
of  wuter  h ading  to  u coverage  by  hydroxyl  groups  und  hydrogen  evolution.**4  KIcy 
et  «/.***  used  the  concept  of  dissociative  udsorption  of  wuter  on  plutinum  in  the  inter- 
pretulion  of  some  infrared  results.  However,  Durensbourg  und  Kischcns***  investiguted 
this  problem  in  more  detail  using  both  II] O and  l)]0.  Very  similur  bunds  wcr<‘  obtained 
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with  HjO  and  l)3<>  which  indicated  that  the  infrured  bunds  were  not  due  to  dissociative 
chemisorption  of  water.  They  could  be  attributed  to  impurity  carbon  monoxide.  On 
the  other  hand,  on  the  basin  of  deuterium  water  exchange  reactions  on  platinum  eutu- 
ly sis,  dissociative  water  adsorption  seems  likely,661 

4.  Some  Problem!  in  CatalyiU  on  Metal*. 

a.  Recent  Work  Supporting  the  Localised  Bonding  and  Molecular  Orbital 
Approach  in  CatalyaU.  The  renaissance  of  purely  chemicul  concepts  in  catalysis,  exem- 
plified by  the  work  on  formic  ucid  decomposition.***  in  which  it  was  shown  that  chem- 
icul interaction  between  catalyst  surface  atoms  and  formic  ucid  was  important  ruther 
than  interaction  with  dcloculi/.cd  levels  of  the  mctul  catulysts,  led  to  new  interest  in  cat- 
alytic studies  with  alloys.  As  discussed,  alloys  between  group  VIII  and  I R metals  re- 
ceived considerable  attention  because  the  number  of  holes  in  the  (/-band  of  these  alloys 
depends  on  the  alloy  composition.  Sachtlcr  and  eo- workers  reinvestiguted  the  copper- 
nickcl  system  in  great  detail  and  obtained  quite  interesting  results.*4*’*1*  Their  work 
indicated  thut  copper  und  nickel  are  only  at  high  temperatures  miscible  in  all  propor- 
tions. At  low  temperatures,  thin  films  or  small  crystals  consist  of  two  coexisting  phases. 
One  is  un  alloy  with  80%  copper  und  20%  nickel  und  the  other  is  an  alloy  with  2%  cop- 
per und  98%  nickel.  This  is  indicated  by  the  free  energies  of  alloying  und  is  substantiat- 
ed by  x-ruy  analysis  und  other  techniques.  In  bulk  samples,  equilibrium  is  not  estab- 
lished quickly  at  low  temperatures,  but  in  thin  alloy  films  prepared  in  high  vucuum, 
equilibrium  cun  be  uchievcd  within  several  hours.  Copper  hus  a higher  rate  of  surface 
diffusion  which  gives  rise  to  the  envelopment  of  nickel  or  the  high  nickel  content  alloy 
with  the  80%  copper  • 20%  nickel  alloy.  The  result  is  u surfucc  of  eonstunt  composition 
rcgurdlcsx  of  the  overull  copper-nickel  ratio.  This  conclusion  is  supported  by  photo- 
electric work  function  measurements  which  indicutc  thut  copper-nickel  alloys  of  widely 
differing  bulk  composition  have  the  same  work  function.  Anulogous  results  were  ob- 
tained with  plutinuin-gold  alloys.*14  Hydrogen  udsorplion  studies  showed  that  one  hy- 
drogen atom  is  udsorbed  per  nickel  atom  and  thut  the  chemisorption  of  hydrogen  is 
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therein. 
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controlled  by  the  composition  of  the  surface  phase  and  not  by  the  cop|>er  to  nickel 
ratio  of  the  whole  alloy.  Copper  does  not  cherniHorb  appreciable  quantities  of  hydrogen: 
the  copper-nickel  alloy  does.  Since  the  B0%  copper  - 20%  nickel  surfuce  phase  has  no 

holes  in  the  (/-band,  it  appears  that  the  holes  in  the  (/-band  are  not  a controlling  factor  s 

in  this  rcuction.  Local  interaction  between  the  surface  nickel  atoms  and  hydrogen  atoms 
is  indicated  by  the  fact  that  the  nickel  concentration  of  the  surface  cun  be  titrated  with 
reasonable  accuracy  by  hydrogen  chemisorption.  The  hydrugenution  of  benzene  on 
copper-nickel  ulloys  was  also  investigated.  The  activity  pattern  was  analogous  to  the  hy- 
drogen chemisorption.  Suchtlcr's  results  on  copper-nickel  ulloys  gain  support  from 
work  by  Gudonheud  «/  al, 474 

These  experimental  results  indicate  that  a model  relying  mainly  on  the  collective  4 

electronic  properties  such  as  holes  in  the  (/-band  may  not  be  sufficient  for  describing  ' 

chemisorption  and  catalysis  on  metals.  The  experiments  support  the  modern  trend  of 
quuntum  mechanical  description  of  chemisorption  and  calulysis  us  discussed,  for  in-  ‘ 

stance,  by  Dowden474  677  and  by  Bond.474  Dowdon  points  out  that  chemisorption  j 

leads  to  surface  complexes  having  single  or  double  bonds  of  0,  ir,  etc,  type  using  orbituls 
appropriate  to  the  locul  symmetry.  The  surface  orbitals  of  clean  molul  surfaces  are  sim-  ' 

ilur  in  kind  und  arrangement  to  those  of  the;  interior,  und  the  broken  bond  model  up- 

peurs  to  give  good  account  of  the  surfuce  energies.  The  infrared  spectra  of  adsorbates  j 

indicute  the  approximate  nuture  of  the  bonds  within  the  surfuce  ligands,  but  the  metul-  j 

ligand  bonds  must  be  described  in  terms  of  the  semi-empirical  system  devised  by  flood-  .1 

enough47*  following  the  lead  of  Pauling.410  Goo  do  Hough's  unulysis  led  to  the  conclu-  j 

siou  that  in  transition  mctuls  there  are  collective  und  localized  3 d electrons.  Good-  j 

enough,  Dowdcn,  und  Bond  discussed  particularly  the  electronic  structure  of  face-  \ 

centered  cubic  mctuls.  This  structure  is  believed  to  result  from  the  ovcrlup  of  each  of 

the  twelve  lobes  of  the  t lg  (i.e.  d%y,  </„*,  c/yK)  orbitals  with  one  lobe  projecting  from  a ’ 

near  neighbor.  Thus,  the  coordination  number  12  is  obtuined  und  the  tJg  electrons  oc- 
cupy u collective  (metallic)  bund.  The  reinuining (/-electrons  occupy  cK  (i.e.d,,.  dx * v,) 
orbitals  directed  towurd  hut  not  bonding  with  those  from  the  next-nearest  neighbors 
ulong  the  Gurtcsiun  axes.  The  electrons  urc.  therefore,  localized  and  exist  in  two 
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energy  levels  as  a result  of  intru-utomic  cxchungc  splitting  (Bund's  rule).  The  0*55 
(/-electron  holes  of  nickel  were  divided  between  the  bund  (0*4) ) and  the  eg  hand 
(0*14).  On  tier  basis  of  this  theory,  Dowden  us  well  us  Bond  predicted  the  direction  of 
emergence  of  the  two  kinds  of  orbitals  at  various  faces  of  face-centered  cubic  metals 
and  discussed  adsorption  in  terms  of  o • and  ir-bond  formation  utilising  these;  orbitals. 

In  Bond's  discussion,  the  inequality  of  different  crystal  faces  for  chemisorption  and 
eutulysis  emerges  clearly  us  u consequence  of  the  geometry  of  the  orbitals.  The  inter- 
action of  the  surface  metal  utoms  with  the  adsorbed  atoms  must  lead  to  a weakening 
of  the  metul-metul  bond  ut  the  surface.  This  was  discussed  by  Grimley*"  who  states 
that  chemisorption  cannot  be  described  properly  when  the  metal  is  treated  simply  us  u 
donor-acceptor  whose  electronic  structure  is  little  altered  in  chemisorption.  Formation 
of  a surface  compound  having  weak  remnant  interaction  with  the  metallic  continuum 
appears  to  be  n better  model. 

The  molecular  orbital  approach  provides  a better  busts  for  understanding  some 
phenomena  in  chemisorption  which  are  incompatible  with  the  collective  model  such  as 
the  difference  in  adsorption  behavior  of  different  crystal  faces,  the  de-metallization  of 
the  surface  atoms  upon  chemisorption  as  derived  from  measurements  of  resistance  and 
superparuniaguetisin  and  the  surface  reconstruction  upon  chemisorption  as  observed  by 
means  of  field  ion  microscopy  und  LERI). 

Weinberg  und  Morrill6*3  used  the  moleeulur  orbital  model  in  conjunction  with  the 
bond  energy  ImiiuI  order  correlation  of  gus-phase  kinetics*11  to  describe  the  interaction 
of  hydrogen  with  tin;  platinum  (111)  plane.  The  experimentally  observed  adsorption 
stales  with  hculs  of  adsorption  of  1 7 and  31  Kcul/mole614**17  could  be  predicted  with 
good  accuracy  if  It  were  assumed  that  the  low-energy  state  represents  moleeulur  hydro- 
gen adsorption  und  the  high-energy  state,  atomic  hydrogen  adsorption.  Moleeulur 
udsorbed  hydrogen  on  plutiuum  lias  not  been  found  by  infrured  techniques*'*  but  wus 
postulated  in  the  interpretation  of  surface  potential  und  clectricul  conductivity  changes 
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upon  hydrogen  adsorption  on  platinum ,4*9  490  as  well  as  in  un  investigation  of  the  tern* 
peraturc  programmed  desorption  of  hydrogen  from  platinum. 491  Hydrogen  adsorption 
on  platinum  in  a weakly  and  strongly  adsorbed  form  was  also  observed  in  electrochemi- 
cal work.493'**4 

Before  returning  to  the  discussion  of  alloy  systems,  let  us  discuss  some  recent  work 
on  surface  valencies  of  metal  atoms.  Plummer  and  Rhodin4*1  measured  the  binding  en- 
ergies of  simple  adatoms  of  the  period-6  transition  metals  on  atomically  perfect  single- 
crystal  planes  of  tungsten  by  utilicing  low-temperature,  pulse-field  desorption  in  an 
ultra-high-vacuum  field  ion  microscope.  The  binding  energies  increased  from  hafnium 
over  tantalum  and  tungsten  to  rhenium  where  a maximum  is  reached  and  decreased  in 
the  sequence  osmium,  iridium,  platinum,  and  gold,  These  results  could  be  explained  in 
terms  of  the  number  of  bonding  and  antibonding  d electrons  and  the  additional  assump- 
tion that  in  some  cases  the  surface-adatom  interaction  is  sufficiently  large  to  change  the 
ground  state  configuration  of  thR  adatom.  The  higher  the  number  of  electrons  contrib- 
uting to  bonding,  which  can  be  considered  an  effective  surface  valency,  the  higher  is 
the  binding  energy.  The  effective  surface  valency  is  7 for  rhenium,  6 for  tungsten  and 
osmium,  and  5 and  4 for  tantalum  and  hafnium.  For  platinum  and  iridium,  the  results 
indicate  that  them*  metals  have  two  different  effective  surface  vuiencics,  namely,  5 and 
4 fur  iridium  and  4 and  3 for  platinum.  For  gold,  a variable  surface  valency  is  indicated 
by  the  exceptional  low  energy  for  promotion  of  d electrons  to  * levels  and  also  by  some 
experimental  results.494 

Now,  let  us  proceed  to  the  discussion  of  alloy  systems  other  than  nickel-copper. 

In  contrast  to  nickel-copper  und  platinum-gold  alloys,  there  is  complete  miscibility  of 
palladium  und  silver  and  palladium  and  gold  at  all  temperatures,493'499  However,  even 
in  this  esse,  the  alloy  composition  on  the  surfucc  is  not  cxuctly  the  same  us  in  the  bulk 
because  the  alloy  component  which  lowers  the  surface  energy  more  will  be  enriched  in 
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the  surface.700  Also  chemisorption  of  gases  such  as  curbon  monoxide  leads  to  u recoil- 
struetion  of  the  surface  with  enrichment  in  the  surface  of  the  group  VIII  metal  compo- 
nent.701 703  This  enrichment  upon  adsorption  of  carbon  monoxide  is  a consequence  of 
the  higher  bond  strength  of  the  carbon  monoxide  to  palladium  or  platinum  as  compared 
to  silver  or  gold.  These  observations  show  the  high  mobility  of  atoms  in  the  surface. 
With  nickel-copper  alloys,  indications  were  obtained  (hat  also  exposure  to  hydrogen  at 
temperatures  above  I00#C  cun  cause  nickel  enrichment  in  the  surface.70*  It  is  consist- 
ent with  the  ubuve  idcuson  the  causes  of  surface  reconstruction  tliut  no  surface  recon- 
struction was  found  with  plutinum-ruthenium  alloys,704 

Alloys  of  platinum  and  ruthenium  were  found  to  be  more  active  catalysts  for  hy- 
drogenation reactions70*  704  and  the  clcctroeutulytic  oxidution  of  methanol707  701  than 
platinum  itself,  This  is  rather  surprising  since  pure  plutinum  is  a better  hydrogenution 
as  well  us  oxidation  catalyst  than  ruthenium.  This  synergistic  effect  did  not  find  uny 
sulisfuetory  explanation  for  some  time  but  recent  work70*  on  the  plutinum-ruthenium 
alloy  system  seems  quid*  promising  to  lead  to  a better  understanding.  It  was  found  tliut 
the  platinum-ruthenium  system  has  a miscibility  gup  like  niekel-eopper,  but  in  this  case 
the  surfucc  is  not  covered  hy  one  phusc  but  by  different  plutinum-ruthenium  phases.  It 
wus  suggested710  that  the  cutulytic  unomulies  of  the  plutinum-ruthenium  system  might 
he  due  to  the  grain  boundaries  between  the  crystals  of  the  different  alloy  phuses. 

An  unresolved  problem  of  heterogeneous  cutulysis  is  the  inurkcd  difference  in  se- 
lectivity between  similar  mctuls  in  interconversion  of  hydrocarbons.  Even  such  closely 
related  metals  as  nickel,  palladium,  and  platinum  exhibit  very  strong  differences  with  re- 
sped  to  hydrogenolysis,  isomerization,  and  dchydrocy dilution.  Very  recent  work  on 
nickel-copper  alloys7*1  711  sheds  some  light  on  this  problem,  in  these  studies,  it  wus 
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found  t hut  for  reactions  involving  (Ml  bond  rupture  such  ux  hydrogen-deuterium  ex- 
change llii1  rates  per  uvuiluble  niekel  xurfuee  remains  essentially  constant  on  ulloy infc  of 
nickel  with  eopper  blit  liydrogcnolylic  reactions  are  affected  strongly.  In  other  word*, 
alloying  influences  the  (Ml  rupture  to  a uiueh  leaner  extent  than  reactions  where  d-C. 
bonds  are  broken  or  formed.  TIicnc  results  were  interpreted  us  indicative  (hut  reactions 
involving  (Ml  rupture  occur  on  single  nickel  xurfuee  utoins  while  for  hydrogenolysis  to 
occur,  multiple  niekel  xitex  (nickel  enHcmhlex)  arc  neeeaxary.  Recent  data  on  homogchc- 
oitx  catalysts'’1*  indeed  xliow  that  (Ml  Inutd  rcuetionx  ure  probably  occurring  on  imitated 
utoiux  whereux  there  ix  general  consensus  that  hydrogcnolytlc  splitting  requires  several 
adjacent  adsorption  xitex,  Alloys  with  47  to  63%  copper  xhow  in  addition  to  the  dilu- 
lion  effect  un  energy  effect,  numely  chunk's  in  the  uetivution  energy  nf  the  eutalytie  re- 
actions.714 7,1  This  is  an  iudieution  that  niekel  utoiux  surrounded  by  eopper  atoms  ure 
modified  by  the  presence  of  the  copper  atoms, 

b.  Hydrogenolyaii  and  I aomeri  nation*  of  Hydrocarbon!  on  Metali.  The  cut- 
aly tie  hydrogenolyxis  of  hydroeurbonx  refers  to  reactions  Involving  the  rupture  of  carbon- 
carbon  bonds  by  interactions  of  the  hydrucurbott  with  hydrogen.  An  example  is  the  hy- 
drngcnolyxix  of  cthunc  to  yield  motltunc  us  product.  The  kinetics  of  hydrogenolyxis  of 
simple  hydroeurbonx  over  metal  catalysts  wus  studied  hy  thigh  Taylor  and  eoworkers7,4‘,m 
who  found  thut  the  reaction  was  strongly  inhibited  hy  hydrogen.  The  explanation  of 
llrsc  results  was  given  in  the  paper  hy  ditnino.  Hotidurt.  und  Taylor.710  According  to 
their  kinetic  analysis,  the  first  step  in  tin*  reaction  involves  1,2  adsorption  and  dehydro- 
genation to  an  unsuturated  surface  species  followed  hy  un  uttuck  of  the  unsalurutcd  spe- 
cies hy  hydrogen  resulting  in  the  rupture  of  the  curhoii-curhoti  bond  to  form  monoeur- 
hou  fragments  which  ure  then,  in  the  euse  of  ethane,  hydrogenated  to  methane.  Since 
deuterium  exchange  with  ethane  occurs  more  reuilily  than  the  hydrogenolyuis.711  it  wus 
concluded  thut  the  rale  of  hydrogenolysis  was  limited  hy  the  rupture  of  the  carbon- 
eurhon  lioiul.  More  recent  work  by  Sllifelt  and  eoworkers711'718  bus  confirmed  the 
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findings  of  Taylor  and  his  school.  Kxlcnsivc  data  on  Ihc  activities  ot'  all  ghuip  V III 
metals  and  rh  nium  were  obtained  by  these  mi lliors  whereby  iliffi  rcnccs  ot  seven  orders 
of  magnitude  in  the  specific  activities  were  found.  The  VIII,  metals  showed  maximum 
specific  u,  tivily,  while  the  activities  of  Vlll3  metals  were  lowest.  The  activity  trends  of 
liic  group  VIII  noble  metals  eould  he  correlated  with  the  percentage  (/bond  character 
of  the  metallic  bond,  lull  nickel,  cobalt,  ami  iron  were  in  a different  range.  Work  by 
,|.  II.  Wood72*  supports  Pauling's  views  on  bonding  of  metals  whieh  may  be  on*  of  the 
reuaons  why  correlations  with  the  percentage  (/•bond  character  were  again  made.  In  any 
event,  it  is  reasonable  to  expect  a dependence  of  the  adsorption  strengths  of  the  hydro- 
carbon  residues  and  herewith  a dependence  of  tin*  catalytic  activity  on  the  percentage 
(/■bond  character  of  the  mctnl  bond. 

Anderson  and  Avery  727  studied  the  hydrogenolysis  on  platinum  and  palladium 
fllim  and  found  that  tin'  reactivity  of  ethane  in  hydrogenolysis  was  considerably  smaller 
than  the  reactivity  of  n-butune,  isobutane,  neopentane,  and  isopentune.  Since  1 ,2  ad- 
sorption is  impossible  in  the  case  of  neopentane.  the  above  observation  led  to  tin1  con- 
clusion that  ethane  is  1.2  adsorbed  while  the  other  molecules  which  show  the  higher  re- 
activity art*  I ,3  adsorbed.  It  is  now  widely  believed  that  1,3  adsorption  is  important  in 
hydrogcnolysiN  reactions.  Suchllcr's  recent  work  with  alloys.72*  7,9 dismissed  above,  is 
interesting  in  this  context,  f'.yeloulkanes  are  hydrogcnolizctl  as  readily  as  ncopctUanc 
und  the  other  multi-carbon  hydrocarbons.720  721  Since  1.3  udsorption  is  not  possible 
witii  cycloalkanes  due  to  stcric  reasons,  it  wus  suggested  that  in  addition  to  1 ,2  adsorbed 
und  1,3  udsorbed  dehydrogenated  surfucc  species  also  ir-allylie  surface  species  play  a role 
in  hydrocarbon  hydrogenolysis.722  7,3 

An  interesting  development  of  the  lust  10  years  wus  the  finding  thut  on  piutinum 
not  only  hydrogenolysis  but  also  isomerization  of  hydrocurhous  tukes  place.73*-73* 
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Formerly,  hydrocurbon  isomerization  was  known  to  occur  only  on  acid  Hite  catalysts 
Huch  um  silica  alumina.  In  the  platinum  catalyzed  hydrocarbon  isomerization,  two  types 
of  iHomcrization  inccliunisnis  wen*  found,  namely,  the  C-(!  bond  shift  meehunism  which 
probably  occurs  via  a 1,3  adaorbed  intermediate  and  a meehunism  which  proceeds 
through  a curbncyclic  intermediate.  Both  mechaniHms  will  be  briefly  discussed  in  the 
following  paragraphs. 

With  neopentane  and  butanes,  Anderson  and  Avery739  showed  that  hydrogenoly- 
sis  and  isomerization  reactions  hove  uctivution  energies  and  frequency  factors  that  are 
very  similar  and  concluded  that  these  reactions  are  mechanistically  related  in  that  the 
slow  step  in  both  involves  (he  conversion  of  a 1 ,3  adsorbed  species  into  u bridged  inter- 
mediate. If  the  bridged  intermediate  is  attacked  by  hydrogen,  hydrogcnolysis  results; 
if  not,  skeletal  isomnrizution  takes  place.  It  was  shown  that  the  energy  criterion  for 
isomerization  is  favorable  on  eutulysts  and  sites  where  there  is  partial  electron  transfer 
from  the  hydrocarbon  residue  to  the  surface  metal  utom.  This  is  possible  for  finite  over- 
tup  when  u double  bond  with  u surface  metal  atom  is  formed.740  Consequently,  one  of 
the  curbon-platinum  bonds  of  the  1,3  adsorbed  species  is  expected  to  be  u double  bond. 
The  theory  on  the  bridged  Intermediate  is  an  extension  of  the  general  theory  of  carbo- 
ilium  ion,  free  rudical,  and  curhunium  rearrangements  us  discussed  by  Zimmerman  and 
Zweig.14' 


(iuult  and  coworkers743  743  studied  the  reactions  of  hexanes  and  mothylpentanes 
on  plutinum.  From  the  produets  formed,  it  could  be  concluded  that  the  isoincrlzution 
reaction  proceeds  to  und  over  cyclic  products,  and  it  wus  suggested  thul,  in  the  C4  se- 
ries, isomerization  proceeds  viu  un  adsorbed  Cj  earboeyolie  intermediate.  Recent  work 
on  isumcrizutinn  of  dimetbylbu  tunes  on  plutinum  indicated  that  both  the  bond  shift 
mechanism  and  the  meehunism  in  which  cyclic  intermediates  are  formed  do  tukc  pluce 
consecutively.744  J.  It.  Anderson  r(  <il.74*  reported  that  on  ultru-tliin  platinum  films, 

(Continued) 

",5J.  K.  Anderson list  N.  H.  Avery.  J,  Ulslynl*.  5.  4-16 ( 1966). 

i30Y,  Barron, 1 1 . Malre,  i),  Cornel,  and  K.  li. (lanll. ,|.  CaUlyaio.  jt.  199(1903), 

V.  Barron,  (I,  Malre,  J,  M,  Muller,  and  F.  C.  Cault,  J.  Catalysis,  .3,  43H  (1 000 
1 '**J.  R,  Ander*»n  and  N.  K,  Avery,  J,  Catalysts.  4,  949 (1963). 

"*°J,  It.  Andernonand  N,  B.  Avery,  J.  Catalyata,  J,  410(1*166;, 

‘ ^*,1,  It.  Amleivoi!  and  N,  It,  Aver;,  J,  Catalyst*,  7. 919  (1*167). 

II.  F.  Zimmerman  and  A,  Zweiu,  j,  Am.  Cliem.  >4ie„  1 I96(  l%l ). 

l4^V.  Barron,  (i.  Main-,  II.  Cornel,  and  F,  (!.  (lanll.  J.  Catalysis.  9- 199(19691. 

|4,*V,  Barron,  (I.  Malre,  J.  M,  Muller,  and  F,  (!.  Cault,  J.  Catalysis.  £.  49N  (1966). 

' 3*J,  M,  Muller  and  F.  (i.  (lanll,  V Intern.  Comcrese on  Catalyst*.  I'alrn  Braeti,  Florida ( 1979),  Preprint  Nr.  II . 

' WJ,  R,  Anderson,  It.  J,  MaePonald,  and  V.  Shlntoyama,  J.  Calalyaia,  40,  1 47  (1971 ), 


76 


i.c„  on  very  small  platinum  particles,  the  selectivity  for  formation  of  cyclic  products  is 
greater  than  on  catalysts  consisting  of  larger  platinum  particles.  This  selectivity  pattern 
was  interpreted  as  follows:  On  the  very  small  platinum  particles,  low  coordinated  cor- 
ner atoms  are  present  in  a higher  proportion  and  these  corner  atorriB  favor  the  formation 
of  adsorbed  tr-bonded  carbocyclic  reaction  intermediates.  These  intermediates  can  lead 
to  cyclic  reaction  products  and  provide  a path  for  isomerisation.  Hydrogenolysis  as  well 
as  isomerization  by  the  bond  shift  mechanism,  however,  require  three  adjacent  uloms 
and  will,  therefore,  be  more  prevalent  on  larger  catalyst  particles.  This  subject  was  dis- 
cussed again  more  recently.746 

Boudart  and  Ptak747  investigated  the  reactions  of  neopentune  on  all  group  VIII 
metals  as  well  as  on  copper  and  gold.  These  authors  found  that  not  only  platinum  but 
ulso  iridium  and  gold  eutulysts  promote  some  isomerization  in  addition  to  hydrogenoly- 
sis. They  suggested  that  the  high  electronegativity  of  the  noble  metals  which  will  pro- 
mote electron  transfer  from  the  hydrocarbon  to  the  metal  is  an  important  factor.  They 
ulso  speculated  that  the  variable  surface  valency  which  is  exhibited  only  by  platinum, 
iridium,  and  gold748  749  may  explain  the  isomerization  activity  of  these  three  metals. 

Matsumotu  et  al.750  postulated  that  not  only  purtiul  electron  transfer  to  the  melul 
is  important  in  the  platinum  catalyzed  hydrocarbon  isomerization,  but  proposed  a 
more  extensive  electron  trunsfer  leading  to  a eurbonium  ion  intermediate.  These  authors 
studied  the  hydrogcnolysiK  of  saturated  hydrocarbon:  over  nickel  and  platinum  catalysts. 
In  agreement  with  the  results  of  Taylor  und  coworkers,7*1  '7M  uni'  Sinfelt  ttl  at,,7**'758 
nickel  catalyzed  o-seissimi  which  leads  to  the  formation  of  methane  und  a hydrocarbon 
which  bus  lost  one  eurlmn  atom.  With  plutinum,  isomerization  ulso  occurred,  and  the 
reaction  products  indicated  (hut  0-scission  of  eurbonium  ions  wus  Inking  plucc. 
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Matsumoloef  al ,744  suggested  that  the  carbonium  ions  arc  produced  on  the  platinum 
surface  at*  a result  of  heterulytie  elimination  of  the  hydride  ion  from  the  starting  mole- 
cule. They  also  suggested  that  the  high  affinity  of  platinum,  being  a soft  acid,740'743 
for  the  hydride  ion  and  the  high  stability  of  the  platinum  hydride  ion  coordination  may 
be  the  reason  for  the  carbonium  ion  formation  on  platinum.  Matsumoto's  interpreta- 
tion of  platinum  meta!  catalyzed  hydrocarbon  isomerization  may  have  been  influenced 
by  work  in  homogeneous  catalysis  in  which  it  was  shown  that  transition  metal  hydrides 
play  u key  role  in  the  catalytic  homogeneous  isomerization  of  olefins.743  The  homogen- 
eous reactions  function  through  hydrogen  abstraction  from  the  coordinated  olefin  and 
subsequent  addition  on  another  part  of  the  hydrocarbon  molecule.  The  theory  of  Mai- 
sumoto  ol  al,  on  the  plutinem-catulyzcd  hydrocarbon  isomerization  is  not  proven  and  is 
in  conflict  with  some  results  of  Barron  ol  al .7M  which  indicate  that  complete  electron 
transfer  to  the  metal  leading  lo  curbonium  ion  formation  may  not  take  place. 

Isomerization  of  hydrocarbons  wus  found  also  in  (be  field  of  clectrocatalysis.744  744 
A 1,2  dimcthylcyciopcntene  isoinemed  upon  udsorption  on  a platinum  clcctrocutalyst 
to  give  an  equilibrium  mixture  of  1 ,2  and  2,H  dimethy leyelopentene.  This  isomerizu- 
lion  occurred  with  and  without  upplieulion  of  a potential.  On  raising  the  potential  (o 
+0.13  volt  vs.  the  hydrogen  reference  electrode,  an  additional  isomcrizutloh  reaction  oc- 
curred, namely,  a ring  expansion  to  a six-carbon  system.  This  was  dearly  indicated  by 
the  formation  of  cyclohexane  and  mcthylcyclohcxunc  upon  cathodic  pulsing  following 
adsorption  periods  at  +0.5  volt.  This  influence  of  the  potential  on  hydrocarbon  iso- 
mcrizution  is  quite  interesting  in  view  of  the  above  discussed  theories  in  which  partial 
electron  transfer  from  the  hydrocarbon  to  the  platinum  is  considered  to  be  important 
in  the  catalvsb  i,i  isomerization  reactions. 

c.  Hydrogen-Deuterium  Exchange  in  Hydrocarbon*.  To  understand  Ihc 
mechanism  of  catalytic  reactions,  it  is  important  to  know  the  nature  of  the  adsorbed 
intermediates.  A fruitful  method  of  learning  more  ahoul  the  intermediates  which  hy- 
drocarbons form  on  catalysts  lias  been  the  study  of  hydrogen-deuterium  exchange.  The 
pal  tern  of  pioducts  formed  in  the  initial  stages  of  an  exehunge  reaction  is  determined 
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by  the  nature  of  the  intermediates  und  their  reactivity.  In  some  cases,  only  a single  hy- 
drogen atom  in  replaced  on  one  visit  of  the  hydrocarbon  to  the  catalyst  surface;  in 
other  eases,  a range  of  isotopic  products  is  formed.  Hydrogen-deuterium  exchange  with 
methane  on  tungsten  is  an  example  for  the  find  case,  exchange  on  nickel,  for  the  sec- 
ond.1,47  761  In  the  first  case,  mainly  (21 1 3 1>  is  formed,  in  the  second  (2U4 . It  can 
be  concluded  that  a high  activation  energy  is  required  for  the  dissociation  of  a second 
hydrogen  atom  of  methane  on  tungsten,  while  u considerably  smaller  energy  is  required 
on  nickel,  Kxtensive  deuteration  was  also  found  in  hydrogen-deuterium  exchange  stu- 
dies in  cleetrocatalylic  work  on  platinum  fuel  cell  catalysts,769  These  studies  were  men- 
tioned in  the  section  on  electroeulalysis.  The  hydrogen -deuterium  exchange  was  studied 
extensively  by  Kcmhall  and  eoworkers.770'77*  With  relatively  small  molecules  such  as 
ethane,  the  experimentally  found  deuterium  distributions  could  be  explained  by  assum- 
ing an  intemmversion  of  motioadsorbcd  and  1 ,2-diadsorbed  ethane  formed  by  step-wise 
dissociative  chemisorption  of  ethane.  This  mechanism  is  referred  to  asa/3  process.  The 
exchange  reaction  with  methane776  and  neopentane777  showed  that  two-point  attach- 
ment at  one  carbon  atom  to  the  metal  surface  (aa  process)  is  also  possible  but  took 
place  at  temperatures  much  hi  her  than  those  required  for  the  a/3  process.  Similarly, 
the  exchange  of  neopentane  <.  . hodium  films776 demonstrated  (hut  1 ,3-diadsorbcd  spe- 
cies (ay  process)  can  also  form  but  less  easily  than  the  other  intermediates.  The  import- 
ance of  1,3  diadsorbed  species  in  the  isomerisation  of  hydrocarbons  was  discussed  in  a 
previous  section.  Kxtensive  deuteration  was  also  observed  with  cyclic  molecules.  The 
interpretation  of  the  results  with  these  molecules  required  the  assumption  of  inulliad- 
sorbed  species.  It  was  then  realized  that  the  formation  of  such  species  becomes  difficult 
if  only  0-bondiug  is  considered  since  each  additional  carbon  atom  bonded  to  the 
surface  utilizes  one  additional  metal  atom.  The  geometrical  restrictions  imposed  by 
sueh  a model  were  considered  lo  be  too  severe;  therefore,  chemisorption  was  thought 
of  in  terms  of  variable  multiceutered  bonding  to  the  same  metal  atom.  In  other  words. 
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it  wus  proposed  that  intermediates  may  undergo  step-wise  intcrcon  version  us  o-  und 
ir-bondcd  ligands  to  one  ulomie  renter  in  the  metal  surface.77*'1*1  Such  un  a0  process 
involving  o-boudcil  alkyl  and  tr-honded  olefin  is  still  restricted  to  cis  elimination  or  ad- 
dition.  In  order  to  expluin  the  initial  exchange  of  ull  ten  hydrogen  atoms  in  cyelopcn- 
tune  on  palladium  surfaces,  a tr-ullyl  mechanism  was  proposed  in  which  alternations  be- 
tween ff-ulcfin  and  tr-allyl  complexes  facilitate  the  complete  exchange  of  ail  hydrogen 
atoms  in  one  sojourn  of  the  molecule  on  the  catalyst. 7*J'7**  The  formation  of  the 
w-ullyl  intermediate  requires  u chuin  containing  u minimum  of  three  non-quurternery 
carbon  atoms.  This  condition  is  not  satisfied  in  1,1  ,.H, II  tctrumcthylcyclopcntune,  und 
with  this  molecule  the  initial  exchange  is  limited  to  u puir  of  hydrogen  atoms  on  one 
side  of  the  ring  in  agreement  with  the  expectations  from  un  afi  process.  In  compounds 
satisfying  tin*  above  condition,  initial  exchange  of  the  muximul  possible  number  of  hy- 
drogen utoms  was  found.7*4  The  idea  of  tr-hondirig  of  hydroeurhons  to  metal  surfaces 
is  very  uppeuling,  hut  some  caution  is  warranted  since  infrared  spectroscopy  so  fur  hus 
not  yielded  evidence  for  olefins  tr-honded  to  metal  surfaces,  us  pointed  out  re- 
cently by  Dent  und  Kokes.7*7  However,  Bond7**  stressed  that  there  is  much  indirect 
evidence  for  intermediates  tr-hoiiiled  to  metal  surfae.es, 

Much  work  on  tnelul  eutuly/.ed  hydrogen-deuterium  exchange  reactions  was  curried 
out  uIno  by  Hurwell  und  eoworkers.7**'79*  These  workers  hud  considerable  success  by 
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studying  th<*  exchange  reactions  of  relatively  complicated  hydrocarbon  molecules  but 
with  ear*  fully  chosen  structures  so  that  the  put  tern  of  products  from  the  initiul  stuges 
of  the  reuction  can  be  related  to  the  groupings  and  positions  of  the  hydrogen  atoms  in 
the  hydroeurlioii.  Uurwell7**  believes  that  metal  surfuccs  have  enough  free  vulcncics  to 
provide  un  ideal  opportunity  for  formation  of  polynuelear  complexes  in  whieh  one  ad- 
wirbed  molecule  is  bonded  to  different  aurfuee  atoms.  With  this  in  mind,  Burwell  pre- 
fers to  interpret  hia  reaulta  on  hydrogen-deuterium  exchange  also  in  the  cuhc  of  cyclo- 
ulkunea  by  aaauming  alternation  between  monoudaorbcd  und  diudsorbcd  alkanea.  To 
account  for  the  cxchungc  of  the  eyeloalkune  hydrogen  utoma  which  are  pointed  away 
from  the  eutalyat  aurfaee,  it  wua  proposed  (hut  1,2  diadaorbed  cycloulkancs  may  roll 
over  from  tine  aide  to  the  other. M0-,oa 

5.  Analogies  Between  Heterogeneous  Catalysis,  Transition  Metal  Complex 
Chemistry,  and  Homogeneous  Catalysis.  Concepts  such  ua  crystal  field,  ligand  field, 
und  molcculur  orbital  theory  brought  ubout  remarkable  udvnncca  in  Inorganic  chemistry , 
particularly  in  the  arcus  of  tranaition  metal  complex  chemistry  and  homogeneous  cataly- 
sis. At  the  same  time,  muny  orgunornctullic  compounds  such  as  ferrocene  or  various 
tranaition  metal  olefin  ir-complexes  were  discovered  und  their  structure  wus  determined. 
It  wus  nuturul  to  apply  all  this  information  to  heterogeneous  catulyais  and  to  scurch  for 
correlations  between  the  properties  of  such  transition  metal  complexes  and  the  proper- 
tit's  of  organic  molecules  adsorbed  on  metal  surfaces.  Rooney  and  Webb'03  were  among 
the  first  to  emphasize  a relationship  of  transition  metul  complex  chemistry  and  hetero- 
geneous cululysisund  pointful  out  that  heterogeneous  catalysis  may  be  guining  consider- 
ably by  looking  at  these  fields  rulher  thun  looking  mainly  at  theoretical  physics.  Rooney 
und  Webb  were  led  to  this  conclusion  by  the  experimental  studies  on  the  transition 
metul  eululyzed  hydrogen-deuterium  cxchungc  in  hydrocarbons  described  in  the  previ- 
ous chuptcr.  These  authors  emphusized  that  there  are  striking  similarities  between  the 
heterogeneous  reuction*  on  transition  metul  surfaces  and  the  homogeneous  reactions  of 
nr- bunded  ligands  in  corresponding  transition  metul  complexes.  They  suggested  that 
heterogeneous  and  homogeneous  catalysis  are  intimately  reluted  und  that  the  ability  of 
individual  metul  atoms  und  ions  in  the  surface  of  solids  to  form  ir-bondcd  complexes 
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0(,J.  A.  Hath,  II.  (Seller,  slid  It,  I.,  Burwell.  J.  Hon.  Inst.  Catalysis,  Hokkaido  llnlv,,  LtL  22 1 (!%B). 

70  ‘ It,  l„  Burwell,  A (muni,  of  Chemical  Henearch,  iL  Nr  10,  2B9(I969), 

7yHlt.  I..  Burwell,  Ulac.  Karaday  Sor.  il,  249(1966). 

7Wlt.  l„  Burwell,  Blue,  Karaday  8»r.,il.  249(1960), 

WmK.  Sehra«r  aod  It.  I„  BurwrU.  J,  Am.  Chrm,  Sm.,  BP,  48BS  (1966). 

®®*lt,  I..  Burwell  *nd  K.  Schra*c,  Bln:,  Karaday  Sor.,il,  2IS(  l%6), 

A,  Both,  U,  (Seller,  and  H,  I,,  Burwell,  j.  lira.  In-I.  Calalyala,  Hokkaido  Llnlv,,  j_6.  221  (I960), 

HuaJ,  j,  Itoonry  and  (S.  Wt-fali.  J.  Calalyalx  J,  400(1966). 


HI 


with  organic  ligiimiH  is  (hr  origin  of  tlirir  catalytic  urlivily.  An  investigation  hy  (lurncll 
t'l  a/.004  added  (o  (hr  experimental  IiuhI*  of  these  ideas,  These  million  studied  (In1 
hydrogen-deuterium  exchange  with  moiiosuhstitutcd  licn/cncs,  polycyclic  uromutir  hy- 
drocarbons, and  ulkylbcn/.cnes.  In  onr  series  of  experiments,  group  VIII  metals  wrrr 
(hr  catalysts  for  (hr  exchange.  In  another  series  of  experiments,  the  exchange  wax  cat- 
alysed hy  group  VIII  metal  ions  in  solution.  A remurkahle  similarity  in  the  cutalytic 
propertied  of  the  respective  heterogeneous  and  homogeneous  cutulysts  was  observed. 

Already,  lit  the  3rd  Intcrnulionul  Congress  on  Cutulysis  in  I%4,  the  relation  lie- 
tween  heterogeneous  catalysis  and  transition  metal  complex  chemistry  wus  a major  dis- 
cussion topic.110*  806  This  subject  was  also  reviewed  hy  Hood"07  in  a comprehensive 
paper  on  the  mechanism  of  the  hydrogenation  of  unsaturaled  hydrocarbons  on  transi- 
tion metals.  The  discovery  of  complexes  with  melal-lo-iiietul  bonds  having  similar  hood 
lengths  as  the  respective  solid  mctulx  may  contribute  to  an  increase  of  interest  in  correla- 
tions between  transition  metal  complex  chemistry  und  heterogeneous  catalysis  hy  metals. 
In  this  context,  it  is  interesting  that  Ihime.Holhery1*08  KOt  suggested  that  transition  metal 
atoms  have  the  same  valency  us  in  their  common  compounds.  This  question  wus  dealt 
with  ulso  hy  iNyholm110  who  ussuntes  that  nickel,  palladium,  and  platinum  huve  u valen- 
cy of  two  and  u </“  configuration. 

a.  Application!  of  the  Molecular  Orbital  Theory  in  Cutulyaii.  In  transition 
metal  complex  chemistry,  the  molecular  orbital  theory  is  now  widely  used.  Thul  is.  u 
Isuid  is  formed  hy  the  combination  of  two  atomic  orhituis  to  give  a hooding  and  uu 
untihonding  molecular  orbital.  In  the  case  of  octahedral  environment,  o bonds  are 
formed  with  ,v.  ft.  d. > . and  </v,. v*  orbitals  ((‘K ).  The  dxv . dxl , Jvt  orhituis  (tiH ) remain 
non-bonding.  The  combination  of  (/-orbitals,  the  p-orhitals,  and  the  .v-orhilul  with  the 
six  ligand  orhituis  forms  a system  of  six  bonding  orhituis,  six  untihonding  orhituis,  and 
three  non-lionding  orhituis.  The  bonding  orhituis  are  filled  with  llic  ligand  electrons, 
and  the  cation  (/-electrons  are  in  llic  non-honding  anil  untihonding  orhituis  derived  from 
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(h«*  If  the  liguuds  ulm>  have  orbitulw  with  auotlx^r  orientution,  hucIi  uh,  fur  instunce 

perpendicular  to  the  axis  cation-ligund,  these  orbituls  muy  combine  with  the  dxy , dX} , 
dvt  urbituln  of  the  metal  utom  und  form  tr-type  molecular  orbital**. 

To  illustrulc  the  application  of  the  molecular  orbital  theory  to  problemH  of  hetero- 
geneous catalysis,  let  us  consider  the  theory  of  Cossac*1  1 for  the  Zieglcr-Nutta  reaction, 
i.c„  the  polymerisation  of  olefins  under  the  influence  of  u cutulyst  system  cmiNistiii|{of 
solid  Tif'lj  and  Al<(<a  Ha )j  in  hydrocurbon  hoIvciiIm.  Cossee  postulated  an  uctivc  entity 
consisting  of  un  ocluhedrally  coordinated  Tl*4  ion  carrying  in  ita  coordination  aphere 
four  chloride  Iona,  one  C.j  11  j group  obtained  by  ligand  exchange  with  the  AlfCj  Hj)j  , 
und  «>ne  vucunl  octahedral  position,  This  vucunt  poaition  facilitates  the  utluchincnt  of 
un  ethyle nc  molecule  by  a ir-bond  so  tliul  the  Ti,+  ion  is  then  six-eourdinute,  Tin*  ener- 
gy separation  between  the  filled  a molecular  orbitul  involved  in  the  ulkyl-Ti  bond  and 
the  initially  empty  dy , orbitul  is  relatively  smull  when  the  ethylene  is  coordinated.  This 
dyg  orbitul  hus  tin*  required  symmetry  for  overlup  with  the  unlibondingpir*  orbitul  of 
the  ethylene  molecule,  Asa  result,  it  iseusy  to  promote  un  electron  from  the  Ti-Cjllg 
bonding  orbitul  to  the  dyrp tr*  niolcculur  orbitul  of  the  complex.  Thereby,  a four- 
center  transition  stutc  is  formed  which  facilitates  a reuclion  between  two  ligands  leuding 
to  the  insertion  of  the  ethylene  between  the  Ti  atom  und  (he  alkyl  group  and  reforma- 
tion of  a vucunt  site.  Repetition  of  this  process  leads  to  ethylene  polymerisation, 

The  electron  withdrawal  discussed  above  is  reminiscent  of  the  Volkenstein  model. 
However,  there  is  no  need  of  electron  trunafer  from  other  sites,  The  reaction  remains 
strictly  localized  at  the  purticulur  Tis+  site.  Also,  at  no  lime  is  there  un  orgunic  radical 
present  which  could  be  detected  by  electron  spin  rcsnnuncc  spectroscopy.  The  reactiv- 
ity is  urrived  at  by  more  subtle  changes  of  bond  properties  und  bond  energy  levels. 

Recently,  tin*  molecular  orbital  symmetry  conservation  rules  of  Woodwurd  und 
lloffinun"11  were  applied  to  cutulytie  reuetlons.*1*  Hl4  Woodward  and  Hoffman  inter- 
preted (lie  course  of  certain  organic  reactions  by  correlating  the  molecular  orbiluls  of 
reactants  und  products  with  respect  to  symmetry,  The  Woodward  und  Hoffman  rules 
divide  molccolur  transformations  into  allowed  und  forbidden  categories  which  has  prov- 
en u powerful  tool  for  understanding  u lurge  body  of  chemistry.  Mungo*1  * "'‘observed 
t hut  symmetry  forbidden  reactions  such  as  the  fusion  of  two  olefin  molecules  to  a 
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ground  stulc  ryclobutuiic  do  occur  in  the  presence  of  transition  metals  and  proposed 
llml  transformations  of  this  kind  can  become  allowed  through  a cutulytic  process  in 
which  metal  and  olefin  ligands  exchange  electron  pairs  giving  a net  of  occupied  molecu- 
lar orbital*  of  the  symmetry  required  lor  an  allowed  reaction  path.  The  theory  is  sup- 
ported by  some  transition  metal  catalysed  valence  isomcriy.ulions.  Recent  work  by 
iluipern  and  ooworkera*11  casts  doubt  on  Mango's  theory.  These  authors  studied  in 
detail  the  catalysis  by  rhodium  (I)  of  the  valence  js<»meriv.ation  of  cubunc  and  its  deriva- 
tives to  the  corresponding  syntricyelooetadienes  which  an*  symmetry  forbidden  reac- 
tions. Instead  of  a concerted  mechanism,  Iluipern  vt  til.  found  evidence  that  the  rate- 
detcrinining  step  involves  the  opening  of  only  one  eurbon-curbon  bond  through  an  oxi- 
dative addition  reaction, 

b.  Some  Examples  of  Homogeneous  Catalysis  with  Relevance  to  Heteroge- 
neous Catalysis.  In  the  following  purugruphs,  a few  of  the  results  in  homogeneous  cata- 
lysis which  did  inspire  the  workers  in  the  field  of  heterogeneous  catalysis  will  be  briefly 
sketched.  Reactions  of  transition  metul  compounds  with  guseous  covalent  molecules 
play  a vital  role  in  life  and  are  important  in  industry.  Oxygon  transport  by  hemoglobin 
or  the  oxidation  of  ethene  to  acetaldehyde  homogeneously  catalysed  hy  palladium  (II) 
chloride  in  aqueous  solution  are.  examples.  Tin1  meehunism  hy  which  mctullocnzynm 
function  is  not  known  in  detuii.  However,  considerable  progress  toward  a better  under- 
standing was  made  through  the  discovery  oft/*  metul  complexes  which  add  reversibly 
covalent  molecules  to  their  coordination  sphere  (oxidative  addition  reaction).  Mole- 
cules which  add  to  these  complexes  include  oxygen,  hydrogen,  acetylenes,  olefins,  alkyl 
hulidcs,  metul  halides,  halides,  and  others, *l8'Ma  A vacant  coordination  site  is  considered 
the  most  importunl  property  which  enables  these  c/8  complexes  It)  add  molecules  and 
also  to  function  us  homogeneous  catalysts.  In  other  words,  latent  coordination  sites  urc 
not  only  necessary  to  uclivulc  molecules  hy  bringing  them  into  the  coordination  sphere 
hut  also  enable  these  complexes  to  he  reactive  in  migration  und  oxidative-addition  reac- 
tions. The  </*  complex  which  shows  the  most  tendency  to  add  covalent  molecules  is 
|lrC!((!0)((Cftll,),  l’)j  |,  It  was  discovered  hy  Vuska.*** 

As  discussed  in  the  chapter  on  heterogeneous  catalytic  oxidation,  there  is  some 
evidence  (lull  oxygen  is  adsorbed  on  certain  oxide  surfaces  as  a peroxide  radical 
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inn.HJ4'*3u  Dowdeii"31  suggested  I liat  surface  peroxides  run > in'  irri|t« trlanl  in  hctcrogc- 
neons  oxidation  ot'  hydrocarbons.  lie  proposed  I lull  oxygen  molecules  anil  hydrocar- 
lions  may  lifetime  bonded  to  the  mime  metal  site  on  Ihe  oxide  surface.  Insertion  of  llie 
oxygen  nioleeule  between  (In*  hydrocarbon  and  the  metul  silt-  may  follow,  thus  forming 
a hydrocarbon  peroxide  complex  us  Ihe  inlennediute  in  the  oxidation  reaction.  This 
proposed  mechanism  for  heterogeneous  oxidation  reactions  is  analogous  In  a belter 
known  rneebunism  in  homogeneous  cat nly  tie  oxidation  which  will  la'  briefly  outlined 
here.  As  mentioned  above,  oxygen  molecules  are  bonded  us  ligands  to  certain  c /*  com- 
plexes, In  thyse  complexes,  the  oxygen  inoieeules  are  bonded  to  tile  metal  ion  in  a Iri- 

angulur  slruelure  M^|  and  (be  0-0  bond  dislunee  is  grout  ly  inereased  as  com  pared 

with  free  Oa  .*31  This  coordinated  oxygen  lias  a greater  reactivity  toward  reductunts 
than  free  oxygen.  Much  work  in  Ibis  field  was  done  by  (aillriiun  el  «/.*33'*3S  who  re- 
ported that  a tom -transfer  redox  reactions  can  he  eutulyxed  liy  metul  inns  which  hold 
both  rcductun!  and  oxidant  in  adjacent  coordination  sites,  These  processes  go  through 
discrete  steps:  oxidative  addition,  migratory  insertion,  und  reductive  elimination. 

A striking  example  for  the  relationship  between  the  catalytic  activity  of  metul 
complexes  und  the  catalytic  activity  of  the  respective  mctuls  is  the  homogeneous,  pal- 
ladium(ll)  eutulyxed  ethylene  oxidation"36  (Wuckcr  process)  and  the  same  reaction  car- 
ried out  in  a fuel  cell  with  palladium  electrodes."37  Kouriey*3"  pointed  out  that  palla- 
dium appears  to  have  a greater  ability  to  form  oleflnie  or  ally  lie  ir-hondcd  intermediates 
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I liun,  IW  instance,  nickel  or  |>lalinum.  He  stressed  ihul  pulludium  shown  this  property 
whether  u reaction  takes  place  on  a solid  palladium  metal  surfucc  or  on  a palladium  com- 
plex in  solution,  Hooney  stated  that  palladium  husa  greater  desire  to  fill  the  d-orbilui 
than  nickel  or  plut  ilium.  Since  in  olefinic  and  oily  lie  n -complexes  purliul  electron  trans- 
fer to  (lie  metal  lakes  place,  such  complexes  will  he  purliculurly  favored  on  pulludium. 

v.  Supported  Homogeneous  Cutalyitu.  One  of  the  advantages  of  the  homog- 
eneous catalysis  lies  in  its  high  specificity. 839  An  interesting  trend  of  recent  times  is  to 
combine  the  advantages  of  homogeneous  uud  heterogeneous  cutulyuis  by  making  eutulysts 
in  which  homogeneous  eutulysts  are  supported  by  high-surfucc-urcu  supports  or  by  poly- 
mers. Kxumplcs  are  the  ethylene  oxidation  by  air  on  a eutulyst  consisting  of  pulludium 
suits  udsorlsul  on  ehureoul,1140  isomerization  of  butenes  on  palladium  chloride  on  silica,841 
or  a catalyst  for  the  hydrolysis  of  p-nitrophenyl  acetate  consisting  of  silicu  gel  supported 
imiduzolc,843  The  surfucc  silunol  groups  of  the  silicu  gel  provide  the  points  of  attach- 
ment of  the  eutulyst  to  the  silica  gel.  Similarly,  functional  groups  of  polymers  am  eupu- 
hie  of  bonding  to  transition  mctuls.  With  rhodium  bonded  to  a polymer,  a catalyst  for 
the  oxidation  of  ethylene  to  aldehydes  and  alcohols  was  developed, *4) 

d.  The  Principle  of  Hard  and  Soft  Acid  and  Bum  (HSAB  Principle).  This 
principle,  mainly  proposed  by  Pearson,144  848  is  sometimes  used  for  the  interpretation 
of  cutulytic  reactions  and  the  uctivity  of  eutulysts  and  will  he  discussed  here.  Any  inor- 
ganic or  organic  species  can  be  inentully  broken  down  into  u generalized  (Lewis)  ucid 
fragment  umi  u generalized  (Lewis)  base  frugmonl.  Such  generalized  ucids  or  buses  cun 
!«’  classified  as  hard  or  soft.  The  terms  “hard"  or  ‘‘soft”  are  reluted  to  the  polarizubllity 
of  the  respective  chemical  entities.  A soft  base  is  one  in  which  the  donor  atom  is  of  high 
polarizubllity,  has  a low  electronegativity,  and  is  cusily  oxidized  or  is  associated  with 
empty,  low-lying  orhituls,  Hard  buses  have  the  opposite  properties,  In  u soft  ucid,  the 
acceptor  atom  is  of  low  positive  churge  and  large  size  and  has  several  easily  excited  outer 
electrons.  In  u hard  arid,  Ihc  accept  or  atom  bus  small  size,  high  positive  charge,  and  bus 
no  outer  electrons  which  urc  cusily  excited.  Typicul  hard  ucids  ure  II4 , alkali,  and  earth 
alkali  metal  ions.  \l3*  or  dr3' . Typical  soft  acids  ure  (’.it4 , Ag* . An1 , llg4 , Pd14 , PtJ< . 
Pt4< , metal  atoms,  and  hulk  metals,  Kxumplcs  for  hard  buses  ure  1 13  O,  Oil*,  K*.  or 
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ClljCOO";  fur  soil  bases  IT.  I'.  (IN",  (',()*.  (’.3 II4.  or  (If,  ll6.  On  the  basis  of  the  (lulu  of 
mail)  (liffrrml  authors,  IVurson*48  1,47  formulated  (In-  principle  llial  hard  acids  prefer 
lo  associate  with  hard  buses  and  soft  ueids  prefer  to  usMoeiate  with  soft  liases.  This  prim 
eiple  refers  to  thermodynamic  stabilities  of  the  products  of  the  ueid  hast1  reaction.  The 
I IS  AH  principle  is,  however,  also  valid  in  kinetics:  Hard  ueid*  react  rapidly  with  hard 
liases  ami  soft  acids  react  rapidly  with  soft  liases.  An  example  of  the  application  of  the 
IISAII  principle  in  catalysis  is  the  interpretation  of  the  platinum  catalyzed  isomerisation 
of  hydrocarbons  via  earbonium  ions  proposed  by  Matsumolo  et  ul:**u  IMutinum  metal 
is  u very  soft  acid:  the  hydride  ion  is  a very  soft  base,  Mutsuinoto  et  «/.  suggested  that 
the  stability  gained  by  such  a soft -soft  interaction  results  in  an  abstraction  of  a hydride 
ion  from  the  hydrocarbon  and  earbonium  ion  formation. 

The  softness  or  hardness  of  an  acid  is  influenced  by  the  softness  or  hardness  of  the 
liases  associated  with  it.  Soft  bases  tend  to  make  an  acid  softer,  hard  bases  harder.  In 
other  words,  the  electron  density  of  the  add  is  influenced  by  the  bases  bonded  to  it, 
This  effect  permits  an  understanding  of  the  stabilization  of  low  or  zero  valent  oxidation 
states  of  metal  ions  by  ligands.  Replacing  II  atoms  by  alkyl  groups  in  the  methyl  ear- 
honium  ion  (Cl I** ) leads  to  progressively  harder  earbonium  ions.  Apparently,  the  re- 
placing of  hydrogen  atoms  by  alkyl  groups  results  in  the  removal  of  some  negative 
charge  from  the  carbon  atom  of  the  Cllj4 . (Carbon  is  a more  electronegative  element 
than  hydrogen.) 

The  classification  of  metal  ions  in  liurd  and  soft  adds  coincides  with  the  older,  less- 
geitcrul  classification  in  class  A and  Class  II  metal  ions.84®  850  IVurson  stressed  very 
much  that  the  IISAII  principle  is  not  u theory  but  a statement  ubout  experimental  facts. 
Accordingly,  an  explanation  of  some  observation  in  terms  of  soft  and  hard  add  or  buse 
does  not  invalidate  other  more  theoretical  explanations. 

6.  Acid  Site  Concept,  Dual-Functional  Catalysia,  Spillover  and  Catalysis  on 
Metal  Salts. 

a.  Acid  Site  Concept,  Much  research  has  been  done  with  silica-alumina 
and  related  catalysts  since  it  was  first  observed  that  alumina-silicates  can  be  effective 
culalysts  for  hydrocurbon  cracking.  It  Is  generally  accepted  thut  the  catalytic  activity 
of  these  insulator  materials  is  due  to  their  acid  character.  The  origin  of  the  acidity  was 

ttMltt.(i.  IVtinsin,  J.  Am.  Cls-m.  Ss»e. , H3,  ;Wa:i(l%a>;  ScS-n.c.  ULL-  I7ii(l%(»>. 

H47H.  (1.  tVarwm  slid  J.  Soimslsd,  J.  Am.  Clii-m.  Nov..  (Hi,  IHiT  (l%7), 

848  tl.  Mslmmmlu,  Y.  Ssllo,  sml  Y.  Ynmsls,  J.  CsIsU.-k  I*?,  KU  (1070). 

Si'liwsrwiilisih,  Kk|N-mills  Sii|i|it  . .3,  KiJ  ( IO.Vj),  Aitvsn.  Iiioru.  H«itliirtiriii.,Jl<  I'Uil ). 

Ahrlsml,  J.  CHsIt,  N.  It.  Ikivl*.  gusil.  Key  l.imdmi,  jj,  i(i.A  ( I MB). 

H7 


\ 


w 


recognixcd  some  20  yearn  ugo  in  the  isomorphic  replacement  of  Si(IV)  in  a tetrahedral 
environment  by  Al  (ill).1’1  ,5J  Thin  results  in  aluminum  ioiiB  with  an  unoccupied  orbi- 
tal, i.e,,  a Lewis  acid.  If  water  is  present,  it  will  be  bound  to  these  sites  which  then  be- 
conic  proton  donors,  i.e.,  Bronsted  acid  sites.  When  hydrocarbons  come  in  contact  with 
Lewis  acid  sites,  donation  of  electrons  to  these  sites  leads  to  the  formation  of  carbonium 
ions  which  then  proceed  to  subdivide  according  to  the  rules  laid  down  by  Whitmore*11 
and  applied  to  catalytic  cracking  by  Greensfelder.'*4  Interaction  of  hydrocarbons  with 
the  protons  of  Bronsted  acid  sites  can  also  result  in  carbonium  ion  formation.  Experi- 
mental proof  of  carbonium  ion  formation  on  silica-alumina  catalysts  watt  obtained  by 
Hall  fit  a I.  ***  ***  who  observed  that  the  triphenylcarbonium  ion  formed  spontaneously 
from  triphcnylmcthane  on  these  catulysts.  The  concentration  of  acid  sites  can  be  deter- 
mined by  titration  with  gaseous  ammonia  or  quinoline  or  by  titration  with  n-butylamine 
of  catalyst  suspensions  in  nun-aqueous  mcdiu.*m**  By  using  these  techniques,  il  was 
found  that  Ihe  catalytic  activity  for  hydrocarbon  cracking  is  directly  related  to  the 
umount  of  chemisorbed  bases,  i.e.,  to  the  acidity, *** 

For  some  reactions,  alumina  con  be  cutalytieally  as  active  as  silica-alumina.  How- 
ever, it  is  more  easily  poisoned  by  water.**1  The  activity  of  aluminas  is  attributed  to 
Lewis  acid  sites  which  form  when  aluminas  arc  heat  treated.  Upon  heat  treatment,  two 
surface  hydroxyl  groups,  which  aluminas  are  known  to  possess,161  react  to  form  water. 
This  leaves  an  aluminum  ion  with  an  uncompleted  coordination  sphere,  i.e.,  a Lewis 
acid  site.161  ***  The  catalytic  activity  of  alumina  is  enhanced  by  treatment  with  hydro- 
fluoric acid*6’ 167  which  uppears  to  be  due  to  an  incruusc  in  acidity  of  the  Lewis  acid 
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sill's  caused  by  I hr  fluoride  ion.  Atnnioniu  adsorption  on  hydronuorii-  arid  treated 
alumina  does  not  result  in  adsorbed  uinmonium  iorisvvhieh  indicates  that  the  anunonia 
is  adsorbed  on  Lewis  acid  sites  and  not  on  Bronsted  acid  sites. 

Interesting  work  was  done  by  Turkevich  and  eoworkers*6*'111  with  molecular 
sieves  of  ..oolite  typs*  which  have  the  general  formula  NuyfA^^fSiC)}  )y  ZiljO  x<y. 
So-called  decationated  aeolites  were  prepared  by  exchanging  the  sodium  of  Nu  acolites 
with  ammonium  and  subsequent  decomposition  of  the  N||4-r.eolite  at  340°(] 

(NH4  -*NIIj  + II4 ),  thus  producing  Drhnstcd  ueid  sites.  At  temperatures  above  480°L, 
the  protons  left  the  seolite  framework  as  wuter  whereby  Lewis  uc.id  sites  were  produced. 
The  number  of  ucid  sites  wus  determined  by  quinoline  adsorption  and  corresponded  well 
to  the  number  of  exchanged  sodium  ions.  i.e„  to  the  number  of  decationuted  sites.  This 
is  un  interesting  icsult.  It  may  be  considered  to  be  the  first  quantitative  identification  of 
u catalytically  active  center  with  the  molecular  structure  of  the  catalyst.  Kvidence  was 
obtained  that  cumene  cracking  is  facilitated  by  Bronsted  acid  sites  and  hydrogen- 
deuterium  exchange  by  Lewis  acid  sites,  The  cracking  of  2.3-dimethylbutane  appears 
to  require  Lewis  acid-Brbnsted  base  dual  sites.  The  existence  of  such  duul  sites  wus  in- 
dicated by  electron  spin  resonance  work  which  showed  that  the  electron  donor  and 
electron  acceptor  properties  of  such  aeolites  chungcd  in  the  same  fushion. 

Na-aeolites  us  such  show  very  little  catalytic  activity  for  hydrocurbon  cracking,  but 
high  activity  wus  found  after  replacing  part  or  all  of  the  sodium  ions  by  muitivulent 
cations.17*  The  order  of  activity  for  bivalent  cations  is  Mg>Cu>Sr>Ba,  i.e.,  cations  with 
smullcr  radius  cause  the  greater  uctivity.  This  result  led  Pickerl  et  al.fi7i  to  suggest  that 
the  high  electrostatic  field  of  these  cations  is  the  cause  of  the  uctivity  of  these  eutulysts. 
The  multivalent  cutions  can  exert  their  field  very  well,  it  is  urgued,  because  they  are  in- 
completely coordinated  with  structural  oxygen  ions  und,  therefore,  easily  accessible  for 
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rcuctunt  molecules.  Plunk  vt  «/.814  arrived  ut  u different  conclusion.  They  observed 
that  zeolites  with  multivulcnt  cut  ions  lose  their  liifeh  cutulytic  activity  when  dehydrated 
und  rcgum  i(  after  udmission  of  water.  On  the  busis  nl'  them1  observations,  Plunk  pro- 
pout'd  that  the  multivalent  eutionu  promote  Hrhnsled  ueid  uite  formation  by  binding 
wuler  uu  OH,  tltnu  freeing  proton*.  Smuller  eutionu  having  greater  electrostatic  fields 
will  bt'  more  effective  in  promoting  Hrbnuted  ueid  site  formation  than  turger  cations.  In 
this  theory,  not  the  cations  but  the  Brbnsled  ueid  sites  are  the  centers  of  the  catalytic 
activity,  Perturbation  of  hydroxyl  groups  by  the  polarizing  effect  of  cations  leading  to 
increased  uddity  wus  considered  by  IHcschler*11  und  by  others. 

Another  interpretation  of  the  eataly  tic  activity  of  zeolite.,  containing  multivulcnt 
cations  wus  offered  for  discussion  by  Schwab. 874  lie  considered  the  bipolur  chuructcr  of 
the  surface  of  these  catalysts  as  important.  Schwab  proposed  that  the  Lewis  acid  sites 
(produced  by  the  replacement  of  Si(IV)  bv  At(Ill))  accept  electrons  und  cause  curbo- 
nhim  ion  formation  while  the  eleetron  rich  sites  (produced  bv  the  substitution  of  sodium 
by  multivalent  eutions)  transmit  negative  ehurge  to  another  part  of  the  hydruearbon 
molecule. 

Similar  ideas  were  expressed  by  Pines  el  118  who  studied  extensively  the  de- 
hydration of  aleohol*  over  uluniinu  catalysts.  An  interesting  ease  is  the  dehydrution  of 
menthol  to  2 meulhene  wliieli  involves  u trans-elimination.  The  truns-eliminution  cun 
take  place  if  u basic  site  of  the  uluminu  attueks  the  hydrogen  from  one  side  while  the 
hydroxyl  group  is  removed  from  the  opposite  side  by  an  acidic  site  of  the  uluminu.  It 
wus  suggested  that  this  muy  be  possible  if  the  reaction  occurs  within  pores  of  the 
alumina  having  moleculur  dimensions. 

b.  Dual-Functional  Catalysis.  Naturally  occurring  ulwndnu-silleutcs  as  well 
us  synthetic  silicu-ulumimi  or  hydrofluoric  acid  treated  alumina  were  used  on  u huge 
scale  us  catalysts  for  hydrocarbon  cracking.  These  catalysts  not  only  fueilitute  cracking 
hut  also  catalyze,  via  earhouiutii  ion  intermediates,  isomerization  reactions  which  results 
in  a product  consisting  of  more  highly  hrunelied  hydrocarbons.  These  are  better  fuels  for 
the  internal  combustion  engine  than  siruighl-chuin  hydrocarbons.  Now,  most  fuels  for 
propulsion  are  produced  using  diiul-fuiietiomil  reforming  catalysts  such  us  platinum  on 
silica-alumina.  The  principal  function  of  the  metal  is  to  cululvzc  dehvdrogenution  of 
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saturated  hydrocarbons  to  olefins.  Subsequently,  I tic  olefins  are  isomerir.ed  on  ih<*  acid 
sites  of  the  silica-alumina  and  return  to  the  metal  to  be  rehydrogenuted  or  further 
dehydrogenated.  On  these  dual-functional  catalysts  occur  hydroearhon  isomcriy.utions. 
dehydrogenutious.  cvcli/.u lions.  Iiydrogcnolysis,  and  cracking.  The  metal  and  (lie  acid 
hi  tew  fulfill  their  functions  independently  of  each  other.  This  was  demonstrated  in  ex- 
periments in  which  platinum  on  nonucidic  support  and  silicu-ulumina  were  mixed  and 
used  us  duui-functional  catalysts.87’  880  The  subject  of  hydrocurbon  reforming  and 
dual-functional  catalysis  was  extensively  investigated,  particularly  in  industry,  and  also 
repeatedly  reviewed.881’888 

c.  Spillover.  Sinfelt  and  l.ueehesi88’  observed  that  mixtures  of  platinum 
on  silica  with  uluminu  were  much  more  uctivc  in  ethene  hydrogenation  than  mixtures 
of  platinum  on  silica  with  silica.  This  was  surprising  since  alumina  by  itself  is  no  cutu- 
lyst  for  this  reaction  under  the  conditions  of  the  experiment.  This  result  suggested  that 
hydrogen  utoms  ure  capable  of  diffusing  from  the  platinum  to  the  alumina  and  an’  ac- 
tive there  in  the  hydrogenation  of  the  ethene.  Similar  observations  have  been  made  by 
Sander.8*0  These  results  indicated  that  there  may  be  a new  kind  of  dual-functional  cat- 
alysis in  which  uctivc  species  like  hydrogen  atoms  are  formed  on  the  metal  and  spill  over 
onto  the  support,  thus  making  the  support  eululyticully  active.  It  is  now  well  known 
that  spillover  does  occur  and  plays  a role  in  reducing  of  supporting  oxides.  However,  it 
is  not  cleur  whether  cutalytic  activity  is  induced  into  the  support  by  I he  spilled  over 
species  or  not.  Recent  work  by  Schlatter  and  Boudurt88'  Indicates  that  Sinfelt  and 
Lucchesi’s891  results  were  not  due  to  the  cutalytic  activity  of  the  aluminu  acquired  by 
spillover  but  by  impurity  effects. 
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The  phenomenon  of  spillover  of  hydrogen  from  metui  specks  to  the  support  is 
now  well  known.  For  install  , hydrogen  is  adsorbed  in  appreciably  larger  quantities  on 
platinum  supported  on  carbon  than  on  the  corresponding  amounts  of  platinum  and  car- 
bon taken  separately.893  The  most  convincing  illustration  of  spillover  is  that  with  plati- 
num black  and  tungsten  trioxide.894  The  reduction  of  WOj  by  hydrogen  to  the  blue 
form  (hydrogen  tungsten  bronze  HxWOj ) proceeds  readily  above  400°C.  If  the  W0} 
powder  is  mixed  with  platinum  black,  reduction  will  start  below  100°C.  If  some  ad- 
sorbed water  is  present,  the  reduction  takes  place  even  at  room  temperature.  These  ex- 
periments indicated  that  hydrogen  atoms  formed  by  dissociative  adsorption  on  the  plat- 
inum spills  over  to  the  WOj  and  causes  the  reduction  of  the  W0?  at  unusually  low  tem- 
(H-rutures.  The  acceleration  by  water  can  be  ascribed  to  an  increase  in  the  diffusion  rate 
of  the  hydrogen  atoms.  Similarly,  in  work  with  platinized  carbon,  it  was  found  that 
carbon  impurities  on  the  platinum  can  function  aB  bridges  which  increase  the  diffusion 
of  hydrogen  atoms  to  the  carbon  support.898 

d.  Catalysis  on  Metal  Salts.  Another  group  of  catalysts  with  acid  sites 
are  partially  dehydrated  metal  sulfates  which  were  studied  by  Tanabe  et  a/.898*898  and 
others.  Much  work  was  done  with  nickel  sulfate.  At  room  temperature,  this  salt  crystal- 
izes  with  7 moles  of  water.  Most  of  this  water  is  lost  quickly  upon  heating.  At  temper- 
atures around  350°C,  the  water  content  is  reduced  to  about  one-half  mole.  Near  this 
composition,  Tanabe  el  ai  found  maximum  acidity.  In  this  intermediate  state  between 
monohydrate  and  the  anhydrous  salt,  the  nickel  ion  is  coordinated  to  only  5 oxygen 
atoms  (sulfate  and  water  oxygens).  The  sixth  position  is  vacant  (an  unoccupied  spsda 
orbitul)  und  is  able  to  accept  un  electron  pair.  This  explains  the  Lewis  acid  nature  of 
this  partially  dehydrated  nickel  sulfate.  Brhnsted  ucidity  arises  from  the  tendency  of 
nickel  ions  to  coordinate  water  through  the  oxygen  atom,  thus  partially  freeing  a hydro- 
gen ion.899  Metal  sulfates  exhibit  smulier  acid  strengths  than  silica  alumina  catalysts. 
Therefore,  metal  sulfates  are  more  effective  catulysts  for  those  isomerization  and  poly- 
merization reactions  which  require  acid  sites  of  moderate  strength.  Another  point  is 
that  on  metal  sulfate  catalysts  basic  sites  are  plentiful  which  may  facilitate  acid  site/ 
busic  site/duul  site  catalysis,  The  considerably  higher  catalytic  activity  of  metal  sulfates 
us  compared  to  silica  alumina  for  the  dcpolyrncrizutiun  of  paraldehyde  was  attributed 
to  such  un  acid  site/basic  site  reactant  interaction. 
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Two-point  interaction  between  catalyst  and  reactant  seems  to  be  essentia!  in  elimi- 
nation reactions  such  as  the  elimination  of  I1CI  from  chlorohydrucarbons  to  form  ole- 
fins. This  is  indicated  by  the  fad  that  these  reactions  are  catalyzed  by  polar  compounds 
(salts  or  oxides)  but  not  by  mctuls.  Apparently  for  elimination  reactions,  the  catalyst 
must  have  electron  accepting  (acidic)  sites,  i.e.,  cations  as  well  as  electron  donating 
(basic)  sites,  i.e.,  unions.  Some  20  years  ago,  Schwab  and  Karotaus*00  worked  in  this 
field  of  catalysis  which  was  in  the  meantime  extensively  studied  by  Noller  and  cowork- 
era.’01*04  These  investigators  found  that  the  activation  energies  for  elimination  reac- 
tions decreased  with  increasing  ionic  churgc  of  the  salt-catalyst  ions  and  that  the  distance 
between  cation  and  anion  was  important,  in  a recent  investigation,  the  elimination  of 
MCI  from  meso  and  DL  2,3-dichloro-butanc  catalysed  by  various  salts  was  studied.*01 
The  cation  interacts  with  chlorine  bound  to  the  Ca  carbon  atom  of  the  reactant;  the 
anion  interacts  with  the  substituents  on  the  C0  carbon  utom.  If  these  two  interactions 
were  of  comparable  strength,  the  catalyst  was  highly  stereoselective  and  Cl*  and  H 1 
were  abstracted  simultaneously  in  u concerted  reaction.  When  the  salt  catalyst  consist- 
ed of  a cation  with  high  acceptor  strength  and  an  anion  with  low  donor  strength  (basic- 
ity), the  reaction  path  was  different,  In  this  ease,  the  interaction  of  the  catalyst  cation 
and  chlorine  atom  of  the  reactant  is  much  stronger  than  the  interaction  of  the  anion 
with  the  substituents  on  the  carbon  atom.  A carbonium  ion  is  formed  which  is  con- 
verted to  the  olefin  in  a subsequent  step.  It  was  found  that  the  stereoselective  catalysts 
always  gave  trans-elimination.  In  homogeneous  liquid-phase  reactions,  trans-elimination 
is  the  favored  mechanism  for  concerted  elimination  reactions  which  is  attributed  to  the 
higher  stability  of  the  staggered  conformation.  On  the  Burfuce  of  a solid,  the  reactant  is 
contacted  on  one  side  only  and  it  is  surprising  that  truns-elimination  is  the  preferred 
mechanism  also  in  this  case. 

7.  The  Role  in  Gatalyaia  of  Surface  Heterogeneity,  Lattice  Defects,  Coordlnative 
Unaaturated  Ions,  llnuaual  Valency  States,  and  Small  Particle  Sice.  The  concept  of 
“active  center"  wus  introduced  more  than  40  years  ago  by  H.  S.  Taylor.*01  In  all  sec- 
tions of  this  review,  light  wus  shod  on  this  concept  from  various  points  of  view.  In  this 
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chapter,  this  concept  is  discussed  in  its  most  direct  meaning.  First,  work  with  oxides 
will  be  discussed  and  then  work  with  metals. 


a.  Investigations  With  Oxide  Catalyita.  A voluminous  literature  exists  on 
the  role  of  lattice  defects  in  semiconductor  catalysis.  Frequently,  the  function  of  th*  .-e 
defects  was  interpreted  in  terms  of  the  electronic  theories  on  catalysis.  However,  there 
is  evidence  that  catalytic  reactions  are  often  more  influenced  by  modifications  in  the 
surface  heterogeneity  of  catalysts  than  by  changes  in  their  properties  as  semiconductors. 
Extensive  investigations  of  Garner,  Stone,  and  coworkerB907  and  of  others  led  to  this 
conclusion.  Particularly  emphasized  was  this  point  by  Teichner  and  coworkers.908'*10 
Tcichner  studied  simple  catalytic  reactions  such  as  the  carbon  monoxide  oxidation, 
nitrous  oxide  decomposition,  and  ethylen  hydrogenation  on  very  finely  divided  nickel 
oxide  and  zinc  oxide  catalysts  which  were  prepared  by  decomposition  of  the  respective 
hydroxides  at  moderate  temperatures  and  under  vacuum.  Nickel  oxide  prepared  at 
200°C  and  250°C  had  the  same  conductivity  but  quite  different  catalytic  activities. 

This  difference  between  NiO  (200°)  and  NiO  (250°)  was  the  subject  of  detailed  invest!* 
gallons.  On  NiO  (250“),  oxygen  was  found  to  adsorb  with  a smaller  heat  of  adsorption 
(bond  energy)  than  on  NiO  (200°).  It  is  believed  that  the  smaller  heat  of  adsorption  on 
NiO  (250°)  is  due  to  a recession  of  nickel  ions  which  are  in  a more  exposed  position  in 
the  NiO  (200°).  The  different  energies  of  these  nickel  sites  result  in  different  mechan- 
isms for  the  carbon  monoxide  oxidation.  The  less  strongly  bound  oxygen  on  the  NiO 
(250°)  presents  a greater  reactivity  toward  carbon  monoxide,  and  gaseous  carbon  diox- 
ide is  directly  formed  by  this  interaction.  In  contrast,  on  Ni  (200°)  the  same  interaction 
produces  adsorbed  carbon  dioxide  exclusively  which  inhibits  the  catalyst.  Here,  another 
mechanism  takes  place  which  involves  the  intermediate  formation  of  a C03-(ads)  com- 
plex. The  higher  catalytic  activity  of  the  NiO  (250°)  as  compared  to  the  NiO  (200®)  is 
not  only  explained  by  the  different  energies  of  the  cationic  adsorption  sites  (recessed 
and  exposed  nickel  ions)  but  also  by  the  presence  of  unionic  vacancies  oil  NiO  (230°), 
which  arc  known  to  form  at  250°C  but  not  at  200®G.  When  oxygen  is  adsorbed 
on  high-energy  anionic  vacancies,  the  interaction  with  carbon  monoxide  yields  the  inter- 
mediate COj-(uds)  ions.  On  less  energetic  anionic  sites,  the  same  interaction  leuds  to 
udsorbed  carbon  dioxide.  Doping  of  NiO  with  Li*  and  Gu3*  resulted,  us  expected,  in 
samples  having  very  different  conductivities,  but  the  differences  in  catalytic  activities 
were  smaller  than  the  differences  in  catalytic  activities  caused  by  different  thermal  treat- 
ments. incorporation  of  Li*  in  vacuo  resulted  in  un  increase  of  the  number  und  energy 
of  anionic  sites.  Oxygen  adsorbed  un  these  sites  on  NiO(Li)  (250°)  has  small  reactivity, 
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and  the  mechanism  involving  intermediate  COj-(ads)  complexes  takes  place.  Incorpora- 
tion of  GaJ+  causes  the  formation  of  cationic  vacancies  which  are  inactive  toward  oxy- 
gen. Consequently,  the  activity  of  NiO(Ga)  (250°)  is  very  similar  to  the  activity  of 
NiO  (250°)  und  the  same  mechanism  takes  place  on  the  Ga,+  doped  and  undoped  nickel 
oxide.  All  of  this  led  to  the  conclusion  that  the  catalytic  activity  and  the  course  of  the 
catalytic  reactions  is  primarily  determined  by  the  nature,  concentration,  and  energy  of 
lattice  defects  in  the  surface  (energy  spectrum  of  the  surface).  Those,  in  turn,  depend 
on  the  chemical  nature  of  the  catalyst,  its  previous  history,  and  on  the  course  of  the 
catalytic  reaction  itself.  The  energy  spectrum  of  the  active  surface  is  of  paramount  im- 
portance, and  correlations  with  collective  and  bulk  properties  of  the  catalyst  arc  not 
considered  to  be  promising. 


Extensive  investigations  with  chromia  catalysts  were  carried  out  by  Burwell  and  co- 
workers.911'91*  The  chromia  catalysts  wore  prepared  by  controlled  heating  of  chromia 
gels.  Burwell  and  coworkers  attributed  the  catul,oe  activity  of  heat-treated  chromia  to 
coordinatively  unsnturated  sites  which  are  generated  by  condensation  of  hydroxyl  groups 
to  yield  oxygen  ions  plus  water  which  evaporizes  (20H’  ■+  0*'  + HjO).  According  to  the 
gel  structure  and  mode  of  heat  treatment,  the  water  loss  can  result  in  sites  of  different 
geometry,  different  degrees  of  coordinate  unsaturation,  and  of  different  numbers  of  ex- 
posed chromium  (III)  ions.  The  coordinatively  unsaturated  chromium  ions  will  have  the 
properties  of  a generalized  acid  (acid  site).  The  oxide  ion  formed  at  the  Rurface  during 
the  dehydration  of  the  chromia  gel  will  be  more  basic  than  a bulk  oxide  ion.  On  coordi- 
i atively  unsaturated  chromium  (III)  ions,  any  Lewis  base  such  as  lla0,  CO,  or  dimethyl- 
ether  will  be  adsorbed.  Lewis  acids  such  as  carbon  dioxide  will  adsorb  on  coordinatively 
unaaturated  oxygen  ions.  Burwell  believes  that  there  is  a clear  concepdonal  interrelation- 
ship between  homogeneous  and  heterogeneous  catalysis  and  applies  the  concept  of  strong 
and  weak  generalized  acids  and  bases.  Chromium  (III)  is  a hard  acid,  the  oxygon  ion,  u 
hard  base.  Therefore,  one  expects  water  or  ammonia,  which  are  hard  bases,  to  adsorb  on 
Chromium  (III)  sites  more  strongly  than  carbon  monoxide  or  ethylen.  Thu  strength  of 
bonding  of  ethylen  or  curbon  monoxide  to  chromium  should  be  augmented  upon  reduc- 
tion of  chromium  (III)  to  the  softer  chromium  (II).  Burwell918 imagines  the  reductive  ad- 
sorption of  hydrogen  to  occur  in  the  following  fashion;  Crm  ()**  0s'  Crm  iilw* 

(>|i  Oil"  OH"  Cr||.  Reduction  of  chromium  (III)  to  chromium  (II)  in  bulk  would  he  dis- 
fuvored  by  the  crystul  field  stabilization  energy.  However,  reduction  of  coordinatively 
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unsaturated  chromium  (III)  ions  should  be  much  easier.  Reduction  of  chromium  (III) 
lo  chromium  (II)  by  dry  hydrogen  wus  shown  to  occur  readily  at  S00°C  with  chromia 
on  silica  or  alumina.917 

Burwell91*  919  suggested  that  adsorption  of  hydrogen  may  involve  heterolytic  disso- 
ciative adsorption  on  adjacent  pairs  of  coordinated y unsaturated  chromium  (III)  and 
oxide  ions.  In  this  adsorption,  formally,  the  H-H  bond  undergoes  heterolytic  fission  with 
the  proton  going  to  the  coordinatively  unsaturated  oxide  ion  and  the  hydride  ion  to  the 

H,  H“ 

coordinatively  unsaturated  chromium  (III)  ion:  (H0‘  Cr,+  03*—  ■ HO*  Cr*+  OH*). 

Electron  sharing  would  probably  occur  and  reduce  the  actual  charge  on  the  H*.  This  ad- 
sorbed hydrogen  is  expected  to  be  important  in  ethylene  hydrogenation  on  chromia  ac- 
cording to  the  following  scheme  in  which  the  question  of  whether  the  acidic  sites  are 

Ha  H-  CaH4(g) 

chromium  (III)  or  chromium  (II)  is  ignored:  f.r  O2*  — — «*•  Cr  OH*  - — — *■ 

Cr  ‘oil*  Ca  H*w  + Cr  03\  Durwell910  stressed  that  this  scheme  of  ethylene  hydro- 
genation on  chromia  is  remarkably  similar  to  the  homogeneous  catalytic  hydrogenation 
of  olefins  at  certain  ruthenium  complexes  which  coordinate  hydrogen  as  hydride  ion.931 
Burwell933  also  pointed  out  that  the  concept  of  coordinativo  unsaturation  is  of  first 
ranking  importance  in  the  whole  field  of  catalysis, 

In  the  early  1950’s,  it  was  found  that  oxygen  treatments  of  sine  oxide  poison  its 
catalytic  activity  for  ethylene  hydrogenation.933  Such  treatments  also  reduce  the  semi- 
conductivity  of  zinc  oxide  because  they  render  it  more  stoichiometric.  ThiB  was  one  of 
the  experiments  which  supported  the  theory  that  semiconductivity  and  catalytic  activity 
are  closely  related.  However,  recently  Dent  and  Kokes934  found  that  oxygen  treatments 
do  not  poison  zinc  oxide  for  room  temperature  ethylene  hydrogenation  provided  the 
oxygen  is  free  of  any  water.  Their  conclusion  was  that  neither  semiconductivity  nor 
nonstoichiometry  are  related  to  the  catalytic  activity  of  zinc  oxide.  Dent  and  Kokes' 
results  provided  u basis  for  their  proposal  that  zinc  ion-oxygen  ion  puirs  ure  the  active 
sites.  However,  not  zinc  inns  in  regulur  lattice  positions  but  zinc  ions  imbedded  in  the 
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clow  packed  oxygen  ion  layers  are  expected  to  !*•  <alalytieulk  active.  Infrared  studies* 
indicated  that  hydrogen  is  dissociatively  adsorbed  on  zinc  and  oxygen  ion  sites.  For 
ethylene,  no  indications  for  opening  of  the  double  bond  were  found.  Accordingly,  it 
was  assumed  that  chemisorption  occurs  by  interaction  of  the  ff-bond  with  the  surface. 
For  stcric  reasons,  it  is  not  expected  that  ethylene  could  approach  the  imbedded  sine 
ions  of  the  active  sites  clow  enough  for  interaction,  Hence,  it  Is  believed  that  the  ethyl- 
ene is  w-bonded  to  oxygen  ion  sites.  The  interaction  of  thin  ir-bonded  ethylene  with  hy- 
drogen atoms  bonded  to  zinc  sites  is  expected  to  lead  to  ethane  monoadsorbed  on  zinc 
sites  through  0-bonds.  Further  interaction  with  a hydrogen  atom  bonded  to  a neighbor 
oxygen  site  may  loud  to  free  ethane. 

There  is  considerable  evidence  that  catalysis  on  transition  metal  compounds  is 
often  a question  of  the  presence  of  ions  in  uncommon  valency  states,  such  as  chromium 
(II),  chromium  (V),  vanadium  (IV),  or  nickel  (III).  Well  known  are  vanadla  catalysts 
for  their  ability  to  form  vanadium  (IV)  ions  as  well  as  for  forming  a coordinativoly  un- 
sahirated  surrounding  by  losing  one  oxygen  atom,*31  In  the  case  of  vanadia,  this  is 
probably  due  to  the  fact  that  one  vandium-oxygen  bond  is  considerably  longer  and 
weaker  than  the  others.  Also  in  chromia,  uncommon  valency  states  such  as  chromium 
(II)  and  chromium  (V)  were  found  by  various  authors. 

Chromia  gel  and  supported  chromias  are  well  known  catalysts  for  dehydrogena- 
tion reactions  of  hydrocarbons.  The  first  information  on  the  nature  of  the  active  sites 
on  these  catalysts  was  provided  by  Weller  and  Volt*996  who  measured  the  uptake  of 
hydrogen  and  oxygen  by  chromia  at  500*C  and  arrived  at  the  conclusion  that  Cr(II) 
ions  had  been  formed.  Detailed  investigations  were  carried  out  by  Burnell  et  a!.*91  who 
Btudied  the  activity  of  chromia  catalysts  for  < euteration,  deuterium  exchange,  and  iso- 
merization reactions  of  hydrocarbons.  The*,  results  are  consistent  with  a mechanism  in 
which  the  hydrocarbon  is  adsorbed  dissociatively,  the  alkyl  group  being  bound  to  a 
chromium  (II)  ion  on  the  catalyst  surface  and  the  hydrogen  atom  by  one  of  the  oxygen 
neighbors.  In  other  words,  a chromium  (II)  and  an  adjacent  oxide  ion  form  a pair  site. 

In  the  adsorbed  state,  the  alkyl  group  attains  a carbanion  character.  Using  electron 
spin  resonance  and  other  techniques,  Van  Reijen  et  ol.9,a  investigated  chromia  catalystB 
and  their  activity  for  cyclohexane  dehydrogenation.  Their  results  confirmed  that  the 
catalytically  active  chromia  catalysts  contain  chromium  (11)  ions.  These  active  sites  arc 
very  reactive  at  room  temperature  toward  oxygen  and  water.  This,  as  well  as  results  on 
carbon  monoxide  adsorption,  indicated  incomplete  coordination  of  the  chromium  (11). 

928  E.  1..  Van  Re|jen  and  I*.  Coatee,  Diac,  Fariday  Soc„il,  277 ( 1966). 
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Incomplete  coordination  wems  quite  plausible  for  chromium  (II).  Being  a cl*  system, 
chromium  (II)  is  known  to  favor  tetragonal  Julm-Tellor  distortion  of  its  surroundings. 
This  facilitates  the  formation  of  a pentueoordinuted  metal  ion  with  one  vueunt  octa- 
hedral site.  From  the  meusured  reaction  order  and  activation  entropy  of  cyclohexane 
dehydrogenation,  it  wus  concluded  that  the  udsorption  step  is  rate  determining.  Van 
Rcijcn  vl  aL  also  pointed  out  that  a catulyticaily  active  cation  site  should  have  incom- 
plete coordination  and  sufficiently  extended,  partly  filled  rf-orbitulB  of  the  correct  sym 
metry  type  to  interact  with  the  antibonding  orbital  of  the  C-H  bond  whieh  has  to  be 
broken,  and  it  should  form  a sufficiently  stubic  metal-carbon  bond.  All  these  require- 
ments are  best  fulfilled  when  the  metal  ion  has  low  effective  nuclear  churge. 


Uncommon  valency  states  appear  to  be  important  for  ethylene  polymerization  on 
supported  chromia  catalysts  consisting  mainly  of  Cr20t  and  CrOs  (Phillips  process). 
Several  authors  attributed  the  catalytic  activity  of  chromia  for  this  reaction  to  partial 
reduction  of  chromium  (VI)  to  chromium  (V),9S9‘931  Direct  evidence  for  this  wus 
found  by  Boreskov et  aL93i  The  most  detailed  investigation  was  performed  by  Van 
Keijen  and  Cossee933  who  studied  silica  and  alumina  supported  chromia  and  vanadia 
catalysts  with  electron  spin  resonance  techniques.  The  formation  of  chromium  (V) 
and  vanadium  (IV)  was  confirmed,  and  it  was  also  observed  that  the  coordination  of 
these  ions  changes  after  contact  of  the  catalyst  with  gases  and  vapors  such  os  HjO,  air, 
CO,  Cj  ll4 , MCI,  or  Nil] . The  coordination  was  so  flexible  that  contact  at  room  tem- 
perature was  sufficient  to  cause  a change,  and  Van  Rcijnn  and  Cossee  suggested  that 
this  flexibility- encountered  particularly  with  chromia/silica-is  a prerequisite  for  cata- 
lytic activity.  The  results  of  this  work  indicated  that  chromium  (V)  is  the  active  entity 
for  ethylene  polymerization  provided  it  is  in  tetrahedral  coordination.  A mechanism 
wag  proposed  according  to  which,  in  the  initiation  step  of  the  polymerization,  the  co- 
ordination number  is  increased  from  four  to  five.  An  empty  sixth  coordination  site 
may  then  be  available  to  uccommodute  ethylene  monomers.  Previously,  the  coordina- 
tion of  the  chromium  (V)  wus  not  considered,  and  (he  catalytic  activity  could  not  be 
quantitatively  related  to  the  chromium  (V)  concentration.  The  above  mechanism  also 
explains  the;  fact  that  silica-supported  chromia  is  a better  catalyst  than  uluminu- 
supported  chromia:  Tetrahedral  sites  arc  provided  by  silica  but  not  by  alumina.  Also 
Kasansky  el  a/.934-937  arrived  at  the  conclusion  thut  chromium  (V)  with  tetrahedral 
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coordination  is  the  active  site. 


b.  Investigations  With  Metal  Catalysts.  The  number  of  studies  relating  sur- 
face heterogeneity  and  catalytic  activity  is  smaller  for  metals  than  for  oxides  but  the 
evidence  is  convincing.  Early  work  by  Rieniickcr”*  and  by  EckellM*  indicated  that 
cold  working  of  metals  increases  the  catalytic  activity.  Robertson  et  ai.**0*41  found 
that  nickel  or  copper  wires  have  a very  much  increased  catalytic  activity  after  cooling 
suddenly  from  temperatures  near  the  melting  point.  By  rapid  cooling,  the  dynamic  dis- 
order existing  at  high  temperatures  is  preserved.  Robertson  envisages  aggregates  of 
point  defects  as  the  active  site*,  llhara  et  at,941"*44  showed  that  a marked  decrease  in 
catalytic  activity  of  cold-worked  nickel  wires  occurs  when  the  metal  is  annealed  at  tem- 
peratures between  200°C  and  400°C,  a temperature  range  at  which  lattice  vacancies 
can  be  annealed  out. 

Another  important  problem  is  whether  or  not  the  specific  catalytic  activity  of 
metal  catalystB  varies  with  the  particle  size.  The  development  of  supported  catalysts 
having  extremely  finely  divided  metal  particles  consisting  in  some  cases  of  only  a few 
atoms  led  to  increased  interest  in  this  fundamental  question,  particularly  after  Schuit 
and  Van  Rcijen*47  showed  that  supported  metal  catalysts,  under  specified  conditions, 
can  give  as  reliable  results  as  evaporated  films.  The  first  systematic  investigations  of 
this  subject  were  those  of  Boreskov  el  at.941  949  who  showed  that  the  specific  activity 
of  platinum  catalysts  for  the  oxidation  of  sulfur  dioxide  and  of  hydrogen  varied  by 
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lots  than  one  order  of  magnitude  for  catalysts  differing  in  their  specific  surface  by  four 
orders  of  magnitude,  Related  observations  were  made  in  electrocatalysis.  For  instance, 
J.  Bett  el  aL9t0  found  that  the  specific  activity  of  platinum  clectrocatalysts  for  oxygen 
reduction  remained  the  same  when  the  mean  particle  size  of  the  platinum  was  varied 
bet  ween  400A  and  30A.  The  results  clearly  indicated  that  special  sites  such  as  edge 
and  corner  platinum  atoms  are  not  required  for  this  reaction.  The  moat  complete  in* 
vestigation  was  carried  out  by  Boudart  et  a/.9*1  who  found  only  a twofold  difference 
in  specific  activity  for  cyclopropane  hydrogenation  between  platinum  highly  dispersed 
on  7- alumina  or  less  dispersed  platinum  catalysts  or  platinum  foils,  while  the  npecific 
surfaces  of  these  catalysts  differed  by  four  orders  of  magnitude.  In  contrast,  a very 
marked  susceptibility  for  oxygen  poisoning  was  found  for  the  highly  dispersed  catalysts 
that  was  not  observed  for  the  other  samples.  These  results  prompted  Boudart913  to  di- 
vide catalytic  reactions  into  two  categories  termed  facile  and  demanding  (structure  in- 
sensitive and  sensitive).  For  facile  reactions,  the  majority  of  sites  possess  ample  activity 
under  the  conditions  of  operation.  These  facile  reactions  are  those  which  fail  to  sense 
the  nonuniformity  of  solid  surfaces  which  becomes  important  under  more  demanding 
circumstances  when  the  reaction  is  difficult  from  the  viewpoint  of  reactivity  (demand- 
ing reaction).  The  concept  of  facile  and  demanding  reactions  was  used  recently  by 
Dalla  Bctta  et  al.9,s  in  the  discussion  of  their  work  on  cyclopropane  hydrogenation  on 
group  VBI  metals.  These  authors  speculated  that  reactions  which  involve  intermediates 
ir-bonded  to  the  surface  are  facile,  while  those  involving  multiple-bonded  chemisorbed 
species  arc  more  likely  to  be  demanding.  Poltorak  et  al.m  also  studied  the  specific 
catalytic  activity  of  platinum  catalysts  as  a function  of  particle  size  and  came  to  the 
conclusion  that,  for  hydrogenation,  dehydrogenation,  isotope  exchange,  and  isomeriza- 
tion of  hydrocarbons,  only  contact  between  platinum  and  the  reactants  is  important. 
For  other  reactions,  such  as  the  oxidation  of  alcohols,  proper  surface  morphology  or 
particle  size  of  the  platinum  is  essential.  This  pattern  mentioned  by  Poltorak  is  not  al- 
ways true.  Boudart  el  al.9tt  searched  for  and  found  a demanding  platinum  catalyzed 
hydrocarbon  reaction  which  is  the  previously  discussed  neopentane  hydrogenoiysis  and 
isomerization.  Boudart  et  al.  found  that  the  selectivity,  defined  as  the  ratio  of  the  iso- 
merization rate  to  the  hydrogenoiysis  rate,  varied  by  a factor  of  one  hundred  for  the 
platinum  catalysts  studied  and  also  observed  that  the  selectivity  for  isomerization  in- 
creased with  the  temperature  of  heat  treatment  of  the  catalystB.  These  changes  in  the 
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rates  of  the  two  parallel  reactions  could  be  explained,  following  Anderson  and  Aver)',996 
by  assuming  1,3-diadsorption  as  well  as  triadsorption  of  the  neopentane  on  the  platinum 
surface  (1,2-diadsorption  is  not  possible  for  this  molecule).  In  the  triadsorbed  state 
which,  by  geometrical  arguments,  seems  permitted  only  on  (111)  faces  of  the  crystal  or 
at  triplet  sites  exhibiting  the  arrangement  of  the  (111)  face,  neopentane  does  not  become 
hydrogenolyzed  as  rapidly  as  in  the  diadsorbed  state.  Recent  LEED  work  showed  that 
platinum  surfaces  tend  to  develop  (1 1 1)  facets  when  heated  in  vacuum  to  900°C.4S7  484 
Hence,  the  increased  selectivity  of  heat-treated  platinum  catalysts  can  be  attributed  to 
more  abundant  triadsorption.  In  conclusion,  Boudart  el  aLtst work'  shows  that  the  specif- 
ic activity  of  platinum  for  neopentane  hydrogenolysis  depends  on  the  mode  of  catalyst 
pretreatment.  This  reaction  demands  a special  geometric  configuration  on  the  platinum 
surface  representing  an  active  center  in  the  sense  used  by  Balandin440  401  and  Taylor.441 

Nitrogen  is  a very  stable  molecule  and  the  adsorption  of  N2  may  be  expected  to  be 
a demanding  reaction.  Many  authors  tried  to  study  nitrogen  adsorption  on  nickel  at 
room  temperature  but  inconsistent  results  were  obtained.  Finally,  Eischens443  was  able 
to  show  with  infrared  techniques  that  molecular  nitrogen  does  adsorb,  at  room  temper- 
ature, on  supported  nickel.  Vun  Ilurdeveld444  found  that  this  infrared  active  adsorption 
of  nitrogen  occurs  not  only  on  nickel  but  also  on  platinum  und  palladium  and  presuma- 
bly on  other  metals  as  well.  However,  this  adsorption  occurred  only  on  metal  particles  of 
15-70A  diameter.  It  was  concluded  that  crystals  in  this  size  range  possess  a large  num- 
ber of  special  sites  which  urc  absent  or  much  scarcer  on  larger  or  smaller  crystals.  The 
interesting  theoretical  and  experimental  work  of  Van  Hardeveid  led  to  a quite  detailed 
picture  of  these  special  sites.  His  considerations  were  based  on  the  axiom  that  small 
crystals  must  be  shaped  so  that  their  free  energy  ia  a minimum.  This  means  that  they 
will  crystallize  in  such  a way  that  the  number  of  bonds  between  all  atoms,  including 
surface  atoms,  is  a maximum.  This  condition  can  be  met  If  the  particle  is  as  nearly 
spherical  as  possible,  yet  at  the  same  time  the  surface  has  to  be  built  up  preferentially 
of  the  highly  coordinated  (111)  and  (100)  planes.  Using  marble  models,  it  wus  shown 

956J.  K,  Anderaon ind  N.  R.  Avery,  J.  Calalyala,  Jl.  446(1966). 

957ll.  B.  Lyon  and  (i.  A.  Samoijal,  J.  Chem.  Phya„  46,  2839  (1967), 

9®®M.  McLean  and  II,  Mykura,  Surface  Science,  8,  866  (1966), 

959M,  Boudart,  A.  W,  Aldas,  L,  D,  Ptak,  and  J.  E.  Bcnaon,  J,  Catilyala.il,  38  (1968), 

440 A.  A.  Balandin,  Z.  phy«.Chem„  132,  289(1929);  Advancealn  Calalyala,  1&  1 (1969), 

961  A.  A,  Balandin,  Advancea  In  Calalyala,  ifl,  96(1988);  “Calalyala  and  Chemical  Klnrliea,"  Acad,  Prcsa.  Inc,,  New 
York  (1964);  Advancealn  Catalyda,  U2,  1 (1969). 

96all.  S.  Taylor,  Proc,  Roy,  Sue.,  A IQB,  108(1928). 

94®R.  P,  Klachena  and  J.  Jacknnw.  Proc.  3rd  International  Congreaa  on  Calalyala,  Vol,  I , page  627,  North-Holla  rut 
Publishing  Co.,  Amaterdam  ( 1 968), 

964R.  Van  Hardeveid  and  A.  Van  Montfoorl,  Surface  Science, 4,  396(1966). 


that  in  crystals  larger  than  70A  the  surface  will  mainly  consist  of  (1 1 1 ) end  (100)  planes 
which  have  B3  and  B4  sites.  The  subscripts  under  the  B mean  the  number  of  possible 
contact  points,  i.e.,  coordination  number  at  the  particular  site  for  an  adatom.  Crystals 
smaller  than  70A  cannot  he  constructed  with  only  (111)  and  (100)  planes  as  boundary 
planes.  Other  planes,  such  as  (110)  and  (113),  must  be  present.  These  planes  have  B* 
sites.  The  marble  models  also  indicated  that  on  very  small  crystals  (10A)  hardly  any  B« 
sites  occur.  Since  infrared  active  nitrogen  adsorption  takes  place  only  on  crystals  which 
are  in  the  size  range  where  B«  sites  occur,  it  was  concluded  that  Bs  sites  facilitate  the 
adsorption  of  this  very  stable  molecule.  The  initial  heat  of  nitrogen  adsorption  was 
found  to  be  12  Kcal/mole.  Although  this  heat  of  adsorption  might  suggest  chemisorp- 
tion, Van  Hardeveld  gives  convincing  arguments  in  favor  of  phyaical  adsorption. 

Bond*1*  published  a theoretical  paper  on  the  effect  of  very  small  particle  size  on 
the  catalytic  activity  of  metals.  For  cubo-octahedral  geometry,  the  fractions  of  atoms 
present  in  surface,  edge,  and  corner  locations  and  of  atoms  in  extended  crystallographic 
planes  were  calculated  as  a function  particle  size.  The  significance  of  Bmall  coordina- 
tion numbers  of  surface  atoms  was  discussed.  Bond  also  shed  light  on  the  B,  site  from 
the  point  of  view  of  molecular  orbital  theory. 

V.  CONCLUDING  REMARKS 

Catalysis  is  a subject  so  vust  that  it  may  well  be  comparable  in  diversity  to  general 
chemistry.  It  would  be  a vain  attempt  to  formulate  definite  conclusions  concerning  this 
rapidly  developing  field.  Throughout  the  years,  the  approach  to  catalytic  problems  was 
influenced  by  the  evolution  of  thought  in  general  chemistry  and  physics.  Each  of  the 
various  research  trends  revealed  some  facts  of  lasting  value  which  resulted  in  considera- 
ble overall  progress  in  the  understanding  of  catalysis.  Il  is  now  fully  appreciated  that 
catalysis  is  u chemical  problem  and  that  the  concepts  of  chemistry  are  most  promising 
for  the  interpretation  of  the  observations  in  this  field.  Tills  leads  to  a more  unified  view 
of  cutulysis  as  compared  to  about  1 5 to  20  ycurs  ago  when  cutulysis  on  motuls,  semi- 
conductors, und  insulators  appeared  to  be  more  separated  fields  than  is  true  today.  Also, 
the  differences  between  heterogeneous  catalysis  and  homogeneous  catalysis  do  not  seem 
fundamental  any  more.  To  discuss  the  trends  in  these  ideas  on  catalysis  was  one  purpose 
of  thiH  review.  The  other  was  to  integrate  the  new  field  of  elcctroculalysis  and  particu- 
larly the  urea  of  clcctrocatulytic  hydrocarbon  oxidation  with  the  general  field  of  cataly- 
sis. It  is  interesting  to  sec  that  similar  results  were  obtained  by  the  electrochemists 
working  in  electrocalalysis  and  by  this  workers  in  the  field  of  heterogeneous  gas  phase 
cutulysis.  It  is  hoped  thut  correlating  these  results  will  further  the  understanding  of  the 
processes  involved. 

^®(S.  C.  Road,  4th  International  Conxrcss  on  Catalysis,  Moscow,  1 968,  Reprints  of  Papers  compiled  for  the  Catalysis 
Society  by  Joe  W.  Hightower,  Chemical  Knglncerlt*  Department,  Rice  university,  Houston, Tessa,  77001 , Vol  A, 
p.  1217, 
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